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ABSTRACT
We present a new self-consistent and versatile method that derives photospheric radius and temperature varia-
tions of Type II-Plateau supernovae based on their expansion velocities and photometric measurements. We ap-
ply the method to a sample of 26 well-observed, nearby supernovae with published light curves and velocities.
We simultaneously fit ∼ 230 velocity and ∼ 6800 magnitude measurements distributed over 21 photometric
passbands spanning wavelengths from 0.19 to 2.2µm. The light curve differences among the Type II-Plateau
supernovae are well-modeled by assuming different rates of photospheric radius expansion, which we explain
as different density profiles of the ejecta and we argue that steeper density profiles result in flatter plateaus, if
everything else remains unchanged. The steep luminosity decline of Type II-Linear supernovae is due to fast
evolution of the photospheric temperature, which we verify with a successful fit of SN1980K. Eliminating the
need for theoretical supernova atmosphere models, we obtain self-consistent relative distances, reddenings, and
nickel masses fully accounting for all internal model uncertainties and covariances. We use our global fit to es-
timate the time evolution of any missing band tailored specifically for each supernova and we construct spectral
energy distributions and bolometric light curves. We produce bolometric corrections for all filter combinations
in our sample. We compare our model to the theoretical dilution factors and find good agreement for the B and
V filters. Our results differ from the theory when the I , J , H , or K bands are included. We investigate the
reddening law towards our supernovae and find reasonable agreement with standard RV ∼ 3.1 reddening law
in UBV RI bands. Results for other bands are inconclusive. We make our fitting code publicly available.
Keywords: Methods: statistical — stars: distances — supernovae: general
1. INTRODUCTION
Core-collapse supernovae announce the death of (at least
some) stars with initial masses & 8M⊙. The gravitational
collapse of the Chandrasekhar-mass iron or oxygen-neon-
magnesium core of these massive stars rebounds when the
strong nuclear interaction causes a stiffening of the equa-
tion of state. A shock wave then propagates outwards into
the infalling matter, but simulations show that it halts its
progress and turns into a quasi-static accretion shock. With
the aid of neutrinos emanating from the nascent proto-neutron
star and some additional poorly understood mechanism, the
shock starts moving out again and produces a supernova
explosion (e.g. Janka 2012; Ugliano et al. 2012; Burrows
2013). Although exciting, the prospects of directly constrain-
ing the supernova explosion mechanism through observa-
tions of neutrino emission, gravitational waves or their com-
bination (e.g. Ott et al. 2004, 2012; Yu¨ksel & Beacom 2007;
Mu¨ller & Janka 2014) are extremely uncertain, because the
supernova must explode nearby. Instead, constraints on the
explosion mechanism can be obtained by trying to understand
observed patterns in the explosions, their remnants, and their
progenitors.
As the reinvigorated shock propagates through the progen-
itor, it heats up the swept up material. When the temperatures
are higher than about 5× 109 K, heavy elements such as 56Ni
are produced (e.g. Weaver & Woosley 1980; Woosley 1988;
pejcha@astro.princeton.edu
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Thielemann et al. 1990). For lower temperatures, only lighter
elements are synthesized and still lower temperatures cause
only ionization of the matter. After the short initial luminosity
spike when the supernova shock breaks out of the surface of
the star (e.g. Ensman & Burrows 1992; Chevalier & Fransson
2008; Soderberg et al. 2008; Katz et al. 2010; Nakar & Sari
2010; Tominaga et al. 2011), the luminosity increases as the
surface area of the ejecta expands. Simultaneously, the effec-
tive temperature decreases. If the progenitor star had a sub-
stantial hydrogen envelope, the ejecta are optically-thick and
the combination of homologous expansion and the decreasing
effective temperature results in a phase of relatively constant
optical brightness; we observe a Type II-P supernova. When
the ejecta becomes optically-thin, the brightness drops and the
luminosity evolution becomes dominated by the deposition of
energy of the decaying radioactive nuclei. Specifically, the
normalization of the exponentialy decreasing luminosity is re-
lated to the total mass of 56Ni that was synthesized during the
explosion.
Theoretically, the supernova explosion energy combines
the contributions from the binding energy of the progeni-
tor, the neutrino-driven wind, recombination of the dissoci-
ated nuclei, and exothermic nuclear burning, all of which
happen predominantly deep in the progenitor close to the
proto-neutron star (e.g. Scheck et al. 2006; Ugliano et al.
2012). Supernova explosion energies are estimated by com-
paring the observed fluxes and spectra to theoretical mod-
els of expanding supernova atmospheres with assumptions
on the progenitor properties and the explosion remnant
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(e.g. Arnett 1980; Litvinova & Nadezhin 1983, 1985; Hamuy
2003; Utrobin & Chugai 2008; Kasen & Woosley 2009). In
recent years, a number of red supergiant progenitors to
Type II-P supernovae have been identified and their ini-
tial masses have been estimated (e.g. Van Dyk et al. 2003,
2012a,b; Smartt et al. 2004, 2009; Li et al. 2006; Mattila et al.
2008; Fraser et al. 2012; Maund et al. 2014). One surpris-
ing aspect of these discoveries is that there appears to be
a lack of high-mass red supergiants exploding as Type II-
P supernovae (Li et al. 2006; Kochanek et al. 2008; Smartt
2009; Smartt et al. 2009). Although there are several explana-
tions (Yoon & Cantiello 2010; Walmswell & Eldridge 2012;
Kochanek et al. 2012; Groh et al. 2013), an exciting possi-
bility is that some massive stars do not explode as ordi-
nary supernovae but instead collapse to a black hole, po-
tentially accompanied only by a weak transient (Nadezhin
1980; Kochanek et al. 2008; Lovegrove & Woosley 2013;
Piro 2013; Kochanek 2014a,b; Horiuchi et al. 2014). The su-
pernovae with estimates of progenitor mass, explosion energy
and nickel mass can potentially offer strong constraints on the
supernova explosion mechanism.
The Type II-P supernovae have also been used to measure
distances using either the expanding photosphere method (e.g.
Kirshner & Kwan 1974; Schmidt et al. 1994a; Hamuy et al.
2001; Baron et al. 2004; Dessart & Hillier 2005, 2006;
Jones et al. 2009) or the “standardized candle” method (e.g.
Hamuy & Pinto 2002; Nugent et al. 2006; Poznanski et al.
2009, 2010; D’Andrea et al. 2010; Olivares E. et al. 2010).
The expanding photosphere method uses theory-based “dilu-
tion” factors to transform the black-body flux of an observed
color temperature derived from a given filter set to the total
supernova flux. The theory necessary to calculate the dilution
factors includes line blanketing and non-LTE effects in an ex-
panding medium. The distance is estimated by comparing the
apparent angular radius of the supernova with expansion ve-
locities under the assumption of homologous expansion. The
standardized candle method employs a correlation between
the supernova luminosity and the measured expansion veloc-
ity to infer the distances. While they are still not competitive
with Type Ia supernovae for cosmology, Type II-P SNe of-
fer an independent and promising method for estimating dis-
tances with different astrophysics and systematics.
In practice, the extraction of supernova distances, explo-
sion energies, nickel yields and progenitor masses from ob-
servations is not straightforward. Most of all, the light
from the supernova or the progenitor is extinguished by
gas and dust around the star, in its host galaxy and in our
Galaxy. The extinction can be estimated from the maps
of galactic dust (Schlegel et al. 1998), the spectral lines
of the intervening gas imprinted on the supernova spec-
trum (e.g. Munari & Zwitter 1997; Poznanski et al. 2011,
2012), by comparing the supernova colors to well-observed
template supernovae (Olivares E. et al. 2010), or by mod-
elling of the supernova spectra in the well-defined contin-
uum windows (Dessart & Hillier 2006; Dessart et al. 2008;
Baron et al. 2007). All of these recipes provide potentially
biased results for the explosion progenitor masses, explosion
energies and nickel mass from the heterogeneous data of dif-
ferent supernovae. Furthermore, Faran et al. (2014) tested
several commonly used methods for dust-extinction correc-
tion and argued that none of them increase the uniformity of
the sample.
To expand on our previous effort to understand the su-
pernova progenitors, the explosion mechanism and its ob-
servational signatures (Prieto et al. 2008a,b,c, 2012, 2013;
Pejcha & Thompson 2012, 2014; Pejcha et al. 2012a,b) and
to address the uncertainties and inhomogeneities in determin-
ing Type II-P supernova parameters, we present a new method
to fit the multi-band light curves and expansion velocities
of Type II-P supernovae. Our method combines the found-
ing principles of expanding photosphere method with the
generalization of the Baade-Wesselink approach in Cepheids
(Pejcha & Kochanek 2012) to decompose the observed multi-
band light curves and expansion velocities of Type II-P super-
novae into radius and temperature variations. The changes in
the photospheric radius are constrained by the expansion ve-
locities under the assumption of homologous expansion and
affect all observed photometric bands in the same achromatic
manner. We assume that the changes in the spectral energy
distribution of supernovae are driven by variations in a single
underlying parameter, the temperature. This represents the
chromatic part of the light curve, which enters differently for
each photometric band. The parameters necessary to project
the observed light curves and velocities on radius and temper-
ature changes are obtained in the fitting process. Our method
does not require any input from theoretical supernova atmo-
sphere models. In fact, and importantly, our results can con-
strain these models. Furthermore, we fit each photometric
band independently, which assures that supernova observed
in any combination of our photometric bands can be success-
fully fitted and its parameters estimated.
In this paper, we present the model and the first findings
based on the limited set of publicly-available data. In Sec-
tion 2, we present the basic equations of the model, identify
the degeneracies and design priors to ensure reasonable fits,
describe the available data and the fitting methods, and dis-
cuss the relation to previous methods. In Section 3, we present
the fits to the light curves along with the range of applicability
of the model, discuss the morphology of the light curves, and
present the distance estimates to individual supernovae. We
also construct spectral energy distributions, bolometric light
curves and corrections, and estimate nickel masses of indi-
vidual supernovae. We compare our results to the theoreti-
cal supernova atmosphere models by calculating the dilution
factors. In Section 4, we discuss the reddening law and con-
straints from our model. We also describe possible extensions
to our model. In Section 5, we summarize our findings. In the
Appendix, we describe our implementation of priors on the
model.
2. MODEL
We model the supernova magnitudemi(t) in a photometric
band i at a time t
mi(t) = M i+µj+RiE(B−V )−2.5Π(t)−2.5Θi(t), (1)
where M i is the absolute magnitude in band i of the ob-
ject at a distance of 10 pc, µj is the distance modulus of the
host galaxy j, Ri is the ratio of total to selective extinction,
E(B − V ) is the total reddening, Π represents changes in
the luminosity due to changes in the surface area at constant
temperature and other achromatic luminosity changes, and Θi
describes the chromatic magnitude changes in band i due to
temperature changes. In this work, we assign a single value
of E(B − V ) to each supernova and assume that there is a
universal extinction law Ri, which we discuss in Section 4.1.
We also emphasize that our E(B − V ) is the total reddening
that includes the Galaxy and the supernova host galaxy con-
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tributions. We do not pre-correct the observations for Galaxy
reddening, because this could potentially introduce additional
unknown systematical errors in our analysis and we are inter-
ested in the total photometric reddening for our supernovae.
To apply Equation (1) in the supernova context, we assume
that after the moment of explosion t0, the optical emission
comes predominantly from a photosphere in the optically-
thick expanding medium with a relatively well-defined radius
R and temperature T , the “plateau”. We assume that the ex-
panding medium is homologous so that R is related to the
spectroscopically measured expansion velocity v as
R = v(t− t0), (2)
where we are neglecting the initial radius of the progenitor
star. Here, t0 is the zero-point time for each supernova, which
might be systematically offset from the true moment of explo-
sion due to missing physics in our model. We assume that the
line used to infer expansion velocity is directly related to the
photosphere so that Equation (2) is valid. Expansion veloci-
ties are modeled as
v = ω0(t− t0)
ω1 + ω2, (3)
where ω0, ω1, ω2 are parameters. For v in km s−1and t in
days, the reference magnitude M i corresponds to an object
with R0 = 8.64 × 109 cm (Π = 0). We parameterize the
change in the spectral energy distribution as the supernova
evolves using a parameter τ . Motivated by observational stud-
ies of supernovae during this phase, we model the time evolu-
tion of τ as a linear decay
τthick = α0(t− t0) + α1. (4)
Over time tw, the plateau smoothly transitions to an optically-
thin phase, where the optical luminosity comes from the de-
position of energy from the decay of radioactive nuclei. Mo-
tivated by observations (e.g. Hamuy et al. 2001), we model
this part of the evolution as an achromatic exponential lumi-
nosity decay with τ ≡ τthin constant in time. Improvements
in the treatment of the exponential decay will be a subject of
future work, but in this paper, we focus predominantly on the
optically-thick plateau phase.
We combine the photospheric phase and the exponential de-
cay phase as
Π=log10
{
(1− w)R2 + w10γ0(t−t0−tP)+γ1
}
, (5)
τ =(1− w)τthick + wτthin, (6)
where γ0 and γ1 parameterize the exponential decay, tP is
the duration of the photospheric phase, and w is the weight
function
w =
[
1 + exp
(
t− t0 − tP
tw
)]−1
, (7)
which we choose after Olivares E. et al. (2010) to resemble
the typical transition phase in Type II-P supernovae. Equa-
tion (7) smoothly connects the photospheric and exponential
decay phases, which allows for the convergence of the fitting
routine. Equation (7) implies that tP is defined at the midpoint
between the end of the plateau and the beginning of the expo-
nential luminosity decay, similarly to Hamuy (2003). This is
somewhat different from other recent studies that measure the
duration of the photospheric phase at the end of the plateau
(Anderson et al. 2014a; Sanders et al. 2014).
To calculate the magnitude at any given time, we need to
know how temperature changes affect individual photometric
bands through Θi. We model the temperature dependence of
Θi as a low-order polynomial in τ
Θi =
3∑
n=1
1
n!
βn,iτ
n (8)
with a matrix of coefficients βn,i. In principle, Θi depends
also on metallicity and other parameters, however, since the
βn,i will be obtained by fitting the data, these additional de-
pendencies will matter only when comparing fits of individ-
ual objects. Metallicity variations between supernovae will be
projected on other parameters such a α0, α1, and E(B − V ),
making the metallicity signature much smaller than one would
expect (Pejcha & Kochanek 2012). In our previous work
on Cepheids (Pejcha & Kochanek 2012), we found that the
metallicity term is typically few percent of the β1,i. We be-
lieve that this is also the case for supernovae. We will ap-
ply our model to local low-redshift supernovae with good
observational coverage. As a result, we do not include K-
corrections. Changes to our model in this direction would be
an obvious extension.
Finally, we want to address the meaning of the parameter
τ that we have so far left unexplained. The spectral energy
distribution changes primarily due to changes in the photo-
spheric temperature, however, in the model presented here, τ
is neither the effective nor the color temperature of the su-
pernova. Instead, it is advantageous to think about τ as a
parameter that describes changes in the spectral energy distri-
bution and that its meaning is limited by the model presented
above. We show later in Section 3.7 that τ is approximately
linearly proportional to the logarithm of the effective temper-
ature. Alternatively, we could have forced τ to be identical
to the effective temperature by integrating the spectral energy
distribution. However, this approach would mean that the def-
inition of τ changes when a new band is added.
2.1. Degeneracies and priors
The parameters of the model are obtained by minimizing
the master constraint
H =
∑
all data
(
mobs −m
σ
)2
+
∑
all data
(
vobs − v
(1− w)−1σ
)2
+ S,
(9)
where mobs and vobs are observed magnitudes and expansion
velocities with uncertainties σ, S includes contributions from
all priors, and the sums are over all supernovae, photometric
bands, and measurements. We modify the uncertainties of
the expansion velocities by a factor of 1 − w to lower the
fitting weight of velocity measurements during the time when
the supernova ejecta is becoming transparent. We collectively
denote the first two terms in Equation (9) as χ2.
The model in Equation (9) is hierarchical in the sense that
it includes parameters pertaining only to a single supernova,
(t0, tP, tw, E(B − V ), ω0, ω1, ω2, α0, α1, γ0, γ1, τthin),
only to the host galaxies (µj), and globally to all data (M i,
Ri, βn,i). Although we fit Equation (9) to a large amount
of data, some of the model parameters cannot be constrained
completely independently. We address these issues by fix-
ing some parameters and adding priors. Equation (1) implies
that the model magnitude mi remains unchanged if we move
all objects by µ → µ + ∆µ while simultaneously chang-
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ing M i → M i − ∆µ. We fix this degeneracy by fixing
the distance modulus to M95, the host galaxy of SN2012aw,
to µM95 ≡ 30.00mag. This number is very close to the
weighted average of 30.01mag from the NASA Extragalac-
tic Database (NED), which includes numerous distance es-
timates using Cepheids (e.g. Kochanek 1997; Kelson et al.
2000; Freedman et al. 2001; Saha et al. 2006). A more sta-
tistically appropriate method would be to fix the distance
scale by introducing a number of distance priors on individ-
ual galaxies with distance estimates with Cepheids or Type Ia
supernovae or some other method. We do not take this road
in order to make our model more transparent.
Another degeneracy comes from defining the reddening ze-
ropoint, applying E(B − V ) → E(B − V ) + ∆E(B − V )
is equivalent to M i → M i − Ri∆E(B − V ). We remove
this degeneracy by fixing the total reddening of SN2012A to
E(B − V ) ≡ 0.037mag (Tomasella et al. 2013). This red-
dening estimate is based on high-resolution spectroscopy of
Na I D lines. The small value of reddening to this supernova
guarantees that any potential absolute error in E(B−V ) will
be relatively small when propagated to other supernovae.
We fix the degeneracy between τ and βn,i by fixing α1 ≡
0.1 for SN2012aw and τthin ≡ −0.4 for all supernovae. In
principle, it would be sufficient to fix τthin only for a single su-
pernova, but we found that this causes artificial features in the
model for supernovae with incomplete data around the tran-
sition. For the default calculation we fix Ri to the reddening
law of Cardelli et al. (1989) with RV ≡ 3.1. In principle, our
model allows for independent determination of the reddening
law on a filter-by-filter basis, which we study in Section 4.1.
We impose hard limits on the values of several parameters
pertaining to individual supernovae. We constrain t0 to be at
least 0.01 days before the first observation of every supernova
to prevent singularities when calculating Π. We require that
ω1 ≥ −1 so that the photometric radius is increasing with
time (Eq. [2]). We also require that ω2 ≥ 0 to prevent nega-
tive expansion velocities and E(B − V ) ≥ 0 to get positive
reddenings. If we removed the constraint for the two super-
novae with fitted E(B − V ) ≡ 0, the resulting E(B − V )
would be negative only by few thousands of a magnitude.
Finally, we apply a number of priors on individual super-
nova parameters to aid fitting in cases when there are gaps
in photometric coverage or small number or complete lack of
expansion velocities. We build these priors based on well-
observed supernovae and we take into account any potential
correlations between the parameters. We describe the imple-
mentation of the priors in the Appendix.
2.2. Data and fitting method
In order to constrain the parameters of our model (Eqs. [1–
9]) we require as large a sample of measurements as possi-
ble. Our final sample includes 26 supernovae in 24 galaxies
(there are three supernovae in NGC6946 in our sample). The
measurement database consists of roughly 6800 photometric
measurements distributed among 21 photometric bands with
central wavelengths between 0.19 and 2.2µm, and roughly
230 expansion velocities measured using the Fe II line at
5169 A˚. This line is commonly used in the expanding pho-
tosphere method (e.g. Schmidt et al. 1994b) so that Equa-
tion (2) is valid. Adding velocities measured on other lines
would not necessarily increase the time coverage, because
they are often measured from the same spectra. The bulk
of the photometric measurements are in UBV RIJHK , but
Table 1
Database of magnitudes and expansion velocities
Reference Nphot Nvel Supernovae
Pastorello et al. (2009) 354 0 SN2005cs
Tomasella et al. (2013) 508 29 SN2012A
Maguire et al. (2010b) 478 25 SN2004et, SN2006my,
SN2004A
Pastorello (priv. comm) 0 10 SN2005cs
Hamuy (priv. comm) 464 5 SN1999em
Bose et al. (2013) 257 10 SN2012aw
Inserra et al. (2012a) 230 11 SN2009bw
Fraser et al. (2011) 181 6 SN2009md
Roy et al. (2011) 171 0 SN2008in
Inserra et al. (2011) 138 7 SN2007od
Gandhi et al. (2013) 83 1 SN2009js
Hendry et al. (2005) 0 15 SN1999em
Leonard et al. (2002a) 119 8 SN1999gi
Vinko´ et al. (2006) 117 14 SN2004dj
Gurugubelli et al. (2008) 140 11 SN2004A
Pozzo et al. (2006) 73 0 SN2002hh
Munari et al. (2013) 408 0 SN2012aw
Van Dyk et al. (2012a) 32 0 SN2008bk
Clocchiatti et al. (1996) 55 5 SN1992H
Pritchard et al. (2014) 606 0 SN2005cs, SN2006bp,
SN2007od, SN2008in,
SN2009dd, SN2009N,
SN2012A, SN2012aw
Schmidt et al. (1994a) 48 4 SN1992am
Taka´ts et al. (2014) 517 17 SN2009N
Pastorello et al. (2004) 43 0 SN2001dc
Yaron & Gal-Yam (2012) 0 6 SN2001dc
Dessart et al. (2008) 75 0 SN2006bp
Quimby et al. (2007) 214 9 SN2006bp
Inserra et al. (2013) 245 22 SN1996W, SN2009dd,
SN2010aj, SN1995ad
Dall’Ora et al. (2014) 365 0 SN2012aw
Barbon et al. (1982) 50 0 SN1980K
Buta (1982) 70 0 SN1980K
Uomoto & Kirshner (1986) 0 3 SN1980K
Korcˇa´kova´ et al. (2005) 36 0 SN2004dj
Leonard et al. (2002b) 200 0 SN1999em
Total 6277 218
we also include the Sloan griz bands, six Swift bands uvw2,
uvm2, uvw1, and ubv, the passband of the ROTSE tele-
scope (SN2006bp; Quimby et al. 2007), Z band (SN1999em;
Hamuy et al. 2001), and Y band (SN2009N; Taka´ts et al.
2014). The references we used for obtaining the data are given
in Table 1, the photometric bands are summarized in Table 4,
and the supernovae with corresponding galaxies are listed in
Table 2. The master constraint of Equation (9) is minimized
over 11 parameters for each supernova minus the three fixed
parameters discussed in Section 2.1, 24 galaxy distances, and
44 global parameters, which gives an overall total of 391 pa-
rameters.
An improvement over our previous work in
Pejcha & Kochanek (2012) is that we use the Levenberg-
Marquardt technique in cmpfit2 (More´ 1978; Markwardt
2009) to solve the least-squares problem of Equation (9).
cmpfit can limit each parameter to a specified range, which
we use for some parameters (Sec. 2.1). The implementation
of priors in cmpfit is described in the Appendix. The
non-linear least-squares fitting technique requires partial
derivatives of the model with respect to all parameters. In
principle, these derivatives can be obtained analytically,
but we found that the numerical derivatives calculated in
cmpfit are more robust.
2 http://www.physics.wisc.edu/
˜
craigm/idl/cmpfit.html
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The complexity of our model precludes obtaining all pa-
rameter values from scratch. We started with a small subset
of well-observed supernovae with some individual parameters
fixed, first obtaining estimates of M i and β1,i. We then grad-
ually increased the complexity of the model by introducing
more photometric bands and the non-linear parts of the model
(β2,i and β3,i), alternatively holding either the supernova indi-
vidual parameters or global parameters fixed. However, in the
end, we perform a global fit of all parameters together. This
ensures that uncertainties of all parameters are fully coupled
and we include covariances between the global parameters of
the model and individual supernova parameters. Our default
calculation has H ≈ 90800 for NDOF ≈ 6600 degrees of
freedom.
In this paper, we will discuss also quantities derived from
the parameters such as the bolometric luminosities and nickel
masses. Since our fit simultaneously adjusts global and indi-
vidual parameters, collectively denoted as a, we have the full
covariance matrixC of the problem including covariances be-
tween global and individual parameters. The uncertainty of a
derived quantity f(a) is then
σ2f =
(
∂f
∂a
)T
C
(
∂f
∂a
)
=
∑
i,j
Cij
(
∂f
∂ai
)(
∂f
∂aj
)
. (10)
The partial derivatives ∂f/∂a are calculated numerically.
2.3. Relation to previous methods
Traditionally, the expanding photosphere method requires
construction of synthetic magnitudes from theoretical models
of supernova spectral evolution. The requisite dilution factors
are tabulated for a specific combination of filters (BV , V I ,
BV I , JHK , etc.), where each typically yields a different dis-
tance (e.g. Fig. 12 of Hamuy et al. 2001). Furthermore, this
method cannot be used for an arbitrary combination of filters
and adding new filters is not straightforward. These shortcom-
ings can be alleviated by modelling of the supernova spec-
tra (Dessart & Hillier 2006; Dessart et al. 2008; Baron et al.
2007, e.g.). In the model presented here, we use the assump-
tion of homologous expansion to construct the evolution of
the photospheric radius. We use information from many dif-
ferent supernovae to learn how the photometric color evolves
and what are the typical parameters in supernovae and their
covariances. Our method naturally works for any combina-
tion of filters in our set and adding new filters is relatively
easy, requiring a single supernova well-observed in the new
band and one of the “old” bands.
Similarly, the standardized candle method requires velocity
and bolometric measurements at t0+50 days, which are used
as an input to a pre-calibrated correlation (Hamuy & Pinto
2002), and this often requires extrapolation to infer quantities
at a desired time (e.g. Fig. 3 in Olivares E. et al. 2010). We
can understand why the standardized candle method works
within our model. Evaluating Equation (1) at the moment of
τ = 0, tτ=0, gives for absolute magnitude Mi
Mi =M i − 5 log v − 5 log(tτ=0 − t0), (11)
where we assume w = 0. For our supernovae, tτ=0 typically
occurs between 20 and 50 days after t0 with a peak at 35 days,
making it similar to the usual standardized candle method.
Since the chromatic function Θi = 0 at τ = 0, the velocity is
a measure of total radius of the supernova if tτ=0 is constant
for all supernovae. The fact that tτ=0 − t0 is not constant
for all supernovae is responsible for factors & 5 in front of
log v in the empirical fits (Hamuy & Pinto 2002; Nugent et al.
2006; Poznanski et al. 2010; Olivares E. et al. 2010).
Equation (1) offers another approach to the standardized
candle method. Assume that magnitudes mi and velocity
measurements v of a supernova are obtained on a single ar-
bitrary epoch t, which is different for each supernova. Equa-
tion (1) can then be approximated3 to provide a fitting formula
for the supernova absolute magnitude
Mi =M i+RiE(B−V )−Kv log v−Kt log(t−t0)−2.5β1,iτ.
(12)
Here, M i, Ri, Kv, Kt, and β1,i are fitting coefficients that
have a specific meaning within our model (e.g. Kv = Kt =
5), but their values can be obtained empirically from the
data. Equation (12) reduces to the common standardized
candle method by assuming a constant t − t0 and the same
color and hence τ for all supernovae (Nugent et al. 2006;
Poznanski et al. 2009, 2010; Olivares E. et al. 2010). The
model in Equation (12) requires observations in at least three
bands per supernova to constrain τ and E(B − V ), and a
minimum of 11 supernovae to constrain the parameters Mi,
Ri, β1,i, Kv, and Kt if each supernova is observed in ex-
actly three bands. The requirements on the total number of
supernovae can be decreased by assuming a fixed reddening
law (e.g. Cardelli et al. 1989) and fitting only for RV . Al-
ternatively, with four bands per supernova, RV for each su-
pernova can be determined. Number of requisite bands and
supernovae can be further decreased by using external values
of E(B − V ).
To summarize, Equation (12) differs from the common
standardized candle method by not requiring the supernova
measurements at any specific post-explosion time and by not
assuming the same color for all supernovae. This has prac-
tical advantages, because it does not require extrapolation of
expansion velocities. This process is uncertain, because each
supernova does have a different value of ω1 as we show in
Section 3.1. Furthermore, uncertainties in determining t0 can
be explicitly factored in the fit providing more realistic un-
certainties. More degrees of freedom of the model should
also provide tighter Hubble diagram. Our sample includes
predominantly local objects and is thus not suitable for apply-
ing Equation (12) to construct the Hubble diagram. Applying
Equation (12) to a sample of more distant supernovae will the
subject of future work.
3. RESULTS
3.1. Fits of supernovae
In Figure 1 we show the resulting fits to the light curves and
expansion velocities for several well-observed supernovae.
The fits of the remaining objects are available in the on-line
version of the journal. The behavior of the model in super-
novae with less data than what is shown in Figure 1 can be
ascertained later in Figure 9 or by the fits of ASAS13co in
Holoien et al. (2014). Fit parameters for individual super-
novae are given in Tables 2 and 3. We see that our model
reproduces well the key features of Type II-P supernova light
curves and can fit them simultaneously in many bands. The
3 The approximation assumes that the range of observed supernova color
indices is narrow, which implies a narrow range of τ . Consequently, the
terms proportional to τ2 and τ3 in Equation (8) can be neglected. Note that
the τ , M i, and β1,i can always be redefined so that τ = 0 is centered on any
desired value of color index.
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Figure 1. An illustration of our fits to the light curves and expansion velocities of several well-known supernovae: SN1999em (top left), SN2004et (top right),
SN2012A (bottom left), and SN2012aw (bottom right). The uncertainties of expansion velocities are divided by 1 − w to reflect their weight in the fitting
(Eq. [9]). The fits to the remaining objects in our sample are available in the electron edition of the journal.
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Table 2
Table of results
Supernova Galaxy t0 tP [d] tw [d] E(B − V ) Nphot Nvel χ2
SN1980K NGC6946 44539.36 ± 0.00 60.95± 1.14 12.62± 0.48 0.000 ± 0.000 120 3 234.7
SN1992am MCG-01-04-039 48806.67 ± 2.21 119.78 ± 5.86 4.39 ± 3.00 0.218 ± 0.015 48 4 38.2
SN1992H NGC5377 48650.16 ± 2.06 128.53 ± 3.37 19.96± 1.02 0.000 ± 0.000 55 5 1767.2
SN1995ad NGC2139 49969.33 ± 3.81 84.62± 9.61 2.90 ± 3.31 0.403 ± 0.009 52 9 208.8
SN1996W NGC4027 50180.13 ± 1.26 99.26 ± 12.62 6.91 ± 5.28 0.329 ± 0.011 59 5 677.0
SN1999em NGC1637 51474.80 ± 0.36 126.87 ± 0.38 2.32 ± 0.08 0.161 ± 0.002 664 20 10037.2
SN1999gi NGC3184 51521.62 ± 0.14 122.87 ± 0.49 5.19 ± 0.27 0.376 ± 0.006 119 8 674.5
SN2001dc NGC5777 52049.02 ± 4.97 117.13 ± 4.96 0.10 ± 0.00 0.678 ± 0.015 43 6 36.4
SN2002hh NGC6946 52574.86 ± 4.32 139.93± 10.81 0.11 ± 4.41 1.565 ± 0.006 73 0 1690.7
SN2004A NGC6207 53001.53 ± 0.77 123.28 ± 0.82 3.90 ± 0.09 0.101 ± 0.003 153 11 3828.9
SN2004dj NGC2403 53191.45 ± 2.90 103.30 ± 2.87 2.72 ± 0.37 0.012 ± 0.006 153 14 602.3
SN2004et NGC6946 53270.03 ± 0.16 122.40 ± 0.31 5.92 ± 0.19 0.384 ± 0.003 401 19 11484.4
SN2005cs M51 (NGC5194) 53546.78 ± 0.71 127.57 ± 0.71 1.38 ± 0.06 0.187 ± 0.003 411 10 9743.4
SN2006bp NGC3953 53834.60 ± 0.14 86.25± 0.68 4.67 ± 0.23 0.422 ± 0.006 394 9 2243.2
SN2006my NGC4651 53995.28 ± 5.97 95.58± 5.90 1.24 ± 0.29 0.048 ± 0.006 64 6 721.1
SN2007od UGC12846 54379.12 ± 2.01 131.67 ± 1.90 16.60± 0.41 0.107 ± 0.004 195 7 3171.4
SN2008bk NGC7793 54548.18 ± 4.78 127.18 ± 7.49 4.00 ± 2.18 0.109 ± 0.016 32 0 186.2
SN2008in M61 (NGC4303) 54816.12 ± 0.34 117.47 ± 0.35 1.66 ± 0.07 0.162 ± 0.003 212 0 8435.0
SN2009bw UGC02890 54918.22 ± 0.02 132.88 ± 0.35 1.18 ± 0.20 0.432 ± 0.004 230 11 4077.1
SN2009dd NGC4088 54928.13 ± 1.31 124.37 ± 1.76 5.75 ± 0.79 0.367 ± 0.007 94 4 1377.2
SN2009js NGC0918 55097.85 ± 2.85 127.10 ± 3.09 2.84 ± 0.83 0.475 ± 0.014 83 1 53.2
SN2009md NGC3389 55163.28 ± 0.95 116.90 ± 0.94 1.81 ± 0.08 0.201 ± 0.007 181 6 625.4
SN2009N NGC4487 54840.55 ± 0.30 116.64 ± 0.31 1.15 ± 0.04 0.307 ± 0.002 547 17 7805.2
SN2010aj MCG-01-32-035 55260.48 ± 4.32 87.91± 4.28 4.10 ± 0.26 0.181 ± 0.025 54 4 194.4
SN2012A NGC3239 55930.72 ± 0.13 111.12 ± 0.17 2.87 ± 0.09 ≡ 0.037 538 29 5179.3
SN2012aw M95 (NGC3351) 56003.63 ± 0.12 136.04 ± 1.11 27.27± 0.52 0.173 ± 0.002 1302 10 11359.1
Table 3
Table of model specific parameters
Supernova 103α0 α1 ω0 [103 km s−1] ω1 ω2 [103 km s−1] 103γ0 γ1
SN1980K −1.63 ± 0.19 0.0753 ± 0.0014 110.4 ± 3.1 −1.000± 0.000 0.00± 0.00 −3.47± 0.11 10.34± 0.03
SN1992am −3.36 ± 0.15 0.1326 ± 0.0057 57.7± 5.4 −0.596± 0.022 0.00± 0.00 −4.18± 0.49 11.64± 0.07
SN1992H −3.61 ± 0.04 0.1495 ± 0.0069 73.4± 6.3 −0.632± 0.025 0.00± 0.00 −4.19± 0.04 11.86± 0.06
SN1995ad −1.84 ± 0.11 0.1457 ± 0.0067 68.6± 10.2 −0.741± 0.056 0.06± 0.33 −4.34± 0.14 11.54± 0.10
SN1996W −2.51 ± 0.06 0.0906 ± 0.0035 68.8± 3.5 −0.699± 0.019 0.00± 0.00 −3.57± 0.24 11.49± 0.07
SN1999em −3.74 ± 0.01 0.1206 ± 0.0014 42.9± 1.4 −0.740± 0.013 1.44± 0.04 −3.03± 0.03 10.99± 0.02
SN1999gi −3.30 ± 0.04 0.1104 ± 0.0012 50.5± 1.6 −0.819± 0.010 1.02± 0.04 −4.27± 0.25 10.86± 0.02
SN2001dc −3.98 ± 0.16 0.1081 ± 0.0170 11.0± 2.9 −0.585± 0.103 0.32± 0.21 −3.41± 0.52 10.01± 0.08
SN2002hh −1.42 ± 0.10 −0.1151± 0.0139 185.7± 10.1 −0.950± 0.015 0.00± 0.00 −5.22± 0.01 11.30± 0.06
SN2004A −3.32 ± 0.03 0.1106 ± 0.0031 20.7± 1.2 −0.474± 0.012 0.00± 0.00 −3.66± 0.02 11.02± 0.04
SN2004dj −4.46 ± 0.12 0.1078 ± 0.0125 31.3± 3.1 −0.584± 0.028 0.00± 0.00 −2.54± 0.03 10.50± 0.05
SN2004et −3.37 ± 0.02 0.1185 ± 0.0008 37.7± 1.2 −0.596± 0.006 0.00± 0.00 −4.31± 0.01 10.96± 0.03
SN2005cs −3.66 ± 0.01 0.1106 ± 0.0026 42.1± 1.2 −1.000± 0.000 1.33± 0.06 −3.14± 0.04 9.97± 0.04
SN2006bp −2.85 ± 0.03 0.0994 ± 0.0006 81.7± 2.9 −0.813± 0.009 0.73± 0.07 −2.70± 0.13 9.56± 0.06
SN2006my −4.75 ± 0.17 0.0591 ± 0.0247 9.0± 2.7 −0.373± 0.104 0.18± 0.37 −3.34± 0.08 10.32± 0.09
SN2007od −2.17 ± 0.03 0.1327 ± 0.0042 74.4± 3.0 −0.695± 0.014 0.00± 0.00 −5.10± 0.13 10.31± 0.04
SN2008bk −3.08 ± 0.42 0.1035 ± 0.0134 35.4± 13.4 −0.807± 0.108 0.92± 0.23 −4.41± 0.03 10.60± 0.21
SN2008in −3.78 ± 0.02 0.1339 ± 0.0013 28.6± 8.5 −0.548± 0.007 0.00± 0.00 −3.54± 0.04 10.86± 0.26
SN2009bw −2.86 ± 0.02 0.1053 ± 0.0004 72.8± 1.2 −0.807± 0.003 0.23± 0.02 −5.41± 0.18 10.62± 0.02
SN2009dd −3.68 ± 0.06 0.1053 ± 0.0048 49.2± 2.9 −0.767± 0.034 0.39± 0.09 −4.03± 0.13 10.63± 0.12
SN2009js −3.54 ± 0.08 0.1281 ± 0.0098 34.9± 4.8 −0.489± 0.036 0.00± 0.00 −4.47± 0.27 11.20± 0.12
SN2009md −3.54 ± 0.06 0.1043 ± 0.0040 22.1± 1.6 −0.592± 0.039 0.06± 0.15 −3.78± 0.20 10.29± 0.06
SN2009N −4.21 ± 0.01 0.1551 ± 0.0013 10.8± 0.3 −0.332± 0.007 0.00± 0.00 −3.85± 0.02 10.86± 0.02
SN2010aj −2.14 ± 0.13 0.0978 ± 0.0101 113.9 ± 8.5 −0.851± 0.027 0.00± 0.00 −4.10± 0.54 10.58± 0.09
SN2012A −4.12 ± 0.02 0.1099 ± 0.0007 35.4± 0.5 −0.642± 0.004 0.00± 0.00 −3.39± 0.04 10.36± 0.02
SN2012aw −2.85 ± 0.02 ≡ 0.1000 58.0± 1.9 −0.744± 0.011 0.89± 0.07 −3.70± 0.05 11.17 ± 0.03
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model reproduces the light curve just after the explosion when
the optical flux rises due to photospheric expansion and cool-
ing so that peak of the spectral energy distribution moves into
the optical. At the same time, the supernova color evolves
from blue to red, which is captured by the rapidly decreas-
ing flux in the U band and in the Swift near-UV bands. An-
other key feature is the plateau, where our model reproduces
the observed variety between supernovae, ranging from the
rather flat plateau of SN1999em to the gradually declining
one in SN2012A. Furthermore, our model naturally repro-
duces the flattening of the decline in the U and B bands just
before the plateau ends. Our model predicts that this flatten-
ing should manifest itself as a distinct bump in the near-UV
Swift bands. The only supernova with Swift data covering this
part of the light curve is SN2012aw and we indeed see indica-
tions of a marked flattening and possibly upturn of brightness
in uvm2. However, the data are missing just during the pre-
dicted bump and the supernova was already very faint. This
part of the near-UV evolution could be better constrained with
more data, which could allow higher order determination of
the temperature coefficients (Eq. [8]).
Our model does reasonably well in reproducing the transi-
tion from the optically-thick plateau to the optically-thin ex-
ponential decay part of the light curve. We fit very sharp tran-
sitions such as in SN2005cs as well as more gradual transi-
tions such as in SN2004et. In objects without observations
during the transition phase like SN2012aw, the model typi-
cally favors very long tw. This does not affect the quanti-
ties derived from the model, because tw has little correlation
with other parameters as we show below. We also see that
our assumption of constant τthick ≡ −0.4 and hence con-
stant color during the exponential decay is reasonably good in
objects like SN2012A and SN2012aw. In some objects like
SN2004et or SN2005cs we observe a distinct color evolution
during this phase. However, in this paper we focus predom-
inantly on the supernova plateau, which exhibits the highest
luminosities and allows for distance determination. Improv-
ing the description of the exponential decay phase is a subject
for future work.
In Figure 1, we also show fits to the expansion velocities,
which show excellent agreement with the data. In the case of
SN2004et, we observe a systematic shift between the data and
the model. The reason is that the distance to SN2004et host
galaxy NGC6946 is constrained also by the data of SN2002hh
and SN1980K, which results in a small systematic offset in
expansion velocities of SN2004et. If SN2004et was fit inde-
pendently, then there would be no systematic shift between
the observed expansion velocities and the model. In several
supernovae like SN1999em, the fit deviates from the observa-
tions close to tw. This probably indicates that these velocities
are biased because the supernova is becoming transparent. We
emphasize that in our model, the radius changes in supernovae
with incomplete velocity coverage are constrained not only by
velocities but also by the achromatic part of the photometry.
Now we investigate the range of validity of our model. Both
the total value of H and the χ2 values of individual objects
given in Table 2 indicate that χ2/NDOF ∼ 5 to 10. Nor-
mally, this would indicate that the model is not fitting the data
well and it should be modified. However, our model is phe-
nomenological and we would not expect it to provide a per-
fect match to data of all supernovae. The agreement between
the data and the model could be improved by adding degrees
of freedom in the model, for example, by using higher-order
temperature terms in Equation (8) or by assuming non-linear
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Figure 2. Distribution of τ assigned to the photometric measurements within
our model (solid black line). We also overplot a histogram for the Swift
uvw2, uvm2, and uvw1 bands (blue dotted line, multiplied by a factor 5
for the sake of clarity). For the sake of clarity, we do not show the full height
of the peak at τ = −0.4.
evolution of τ in Equation (4). However, we prefer to keep
the model as simple as possible, even at the cost of higher
H/NDOF. One way to rectify this situation is to multiply the
measurement uncertainties by
√
H/NDOF and repeat the fit,
which ensures that H/NDOF ≡ 1. At several places of the
paper, we apply this procedure to obtain perhaps more realis-
tic uncertainties of the fit parameters and we explicitly men-
tion when we do so. Uncertainties in Tables 2 and 3 are not
rescaled.
Another aspect of the phenomenological description of su-
pernova light curves and expansion velocities is the possibility
to arrive to misleading results if the model is pushed too far.
For example, assume that the “true” evolution of τ in Equa-
tion (4) is nonlinear. If there are no observations of the initial
part of the light curve, the two coefficients in Equation (4) will
be different than if the full light curve was fitted. As a result,
τ in the initial part of the light curve will be wrong, which can
have dramatic consequences, because of the temperature sen-
sitivity of the blue bands (Fig. 4). Therefore, we will present
bolometric light curves and other quantities only for epochs
after the first observation of each supernova.
Despite this caveat, if τ is well determined by observations
in a subset of bands, we can robustly predict the flux in the
remaining bands if the coefficients βn,i are well-constrained
at this τ by observations of some other supernova. In Figure 2
we present the distribution of τ assigned to all our photomet-
ric measurements by the best-fit model. We see that there are
plenty of observations for −0.4 ≤ τ ≤ 0.11 suggesting that
there are no global “holes” in our coverage of τ . The peak at
τ = −0.4 is due to the fact that we fix τthin ≡ −0.4 during
the exponential decay part of the light curve. We will show
in Section 3.4 that the near-UV Swift bands are extremely
important to constrain the total flux from supernovae in the
early part of the light curve. We show in Figure 2 with dotted
blue line the distribution of the three bluest Swift bands. We
see that we can reliably predict near-UV magnitudes only for
τ ≤ 0.095. There is a lack of near-UV measurements at low τ
as well, but this is not important for bolometric fluxes due to
the negligible contribution of the near-UV to the flux in later
epochs. However, we find that the coefficients βn,i are only
determined reliably for τ ≥ −0.06 for the Swift bands.
In Figure 3 we show the mutual dependencies of the indi-
vidual supernova parameters from Tables 2 and 3. The uncer-
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Figure 3. Correlations of the individual supernova parameters tP , tw , ω0, ω1, γ0, γ1, α0, and α1. The uncertainties come from a modified fit withH/NDOF =
1.
tainties come from a modified fit with H/NDOF = 1. We see
that the plateau duration tP correlates with almost all parame-
ters except for several outliers with tP . 90 d, which typically
have poor coverage of the early phases of the light curve. We
also see that ω0 and ω1 (Eq. [3]) correlate in the sense that
velocity decays faster in supernovae with initially higher ve-
locity. Both of these parameters correlate with α0, which is
the slope of the temperature parameter decrease (Eq. [4]), in
the sense that in supernovae with initially higher expansion
velocity the temperature parameter decays more slowly. Our
values of ω1 are typically smaller than the mean obtained by
Nugent et al. (2006) and Faran et al. (2014). The reason is
that we have also a constant velocity offset ω2 ≥ 0 in our
model, which typically makes ω1 more negative. We have a
different value of ω1 for each of our supernova and ω1 is de-
termined not only by velocity measurements, but also by the
photometry.
In Table 4, we present values of the global parameters of the
model. We see that the parameters are very well constrained
by the data, with typical uncertainties of a few per cent. The
only exception is β3 (Eq. [8]) for the ROTSE photometric
band, where the value is relatively small when compared to
V or R band with similar central wavelength and it is com-
parable to its uncertainty. The reason is that we have ROTSE
photometry only for SN2006bp and there is no photometry in
other bands during and after the transition, which means that
high-order temperature term is poorly constrained in relation
to other bands.
In Figure 4 we investigate the behavior of the temperature
polynomial Θi. We see that there is a clear trend with the
central wavelength of the filter in the sense that bluer filters
have steeper Θi(τ). The only exception is K band, which is
steeper than J andH for τ > 0 and the Swift uvw2 and uvm2
bands, which are only shown where data exist to constrain
their values. This reflects the time evolution of the spectral
energy distribution of Type II-P supernovae, potentially indi-
cating evolution of strong emission or absorption lines. We
apply our results on the global parameters to determine su-
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Table 4
Global parameters
Filter λ [µm] N F0 [erg cm−2 s−1 A˚−1] M β1 β2 β3
U 0.36 268 3.98 × 10−9 10.089± 0.048 11.900± 0.037 78.43± 0.54 363.0± 4.7
B 0.44 971 6.95 × 10−9 9.801± 0.045 6.976± 0.032 46.62± 0.29 265.0± 2.3
V 0.55 1159 3.63 × 10−9 9.240± 0.043 4.309± 0.032 31.11± 0.26 221.9± 1.9
R 0.66 1119 2.25 × 10−9 8.972± 0.043 3.578± 0.032 24.76± 0.26 181.6± 2.0
I 0.81 987 1.20 × 10−9 8.890± 0.042 3.072± 0.032 20.20± 0.26 156.3± 2.0
J 1.22 175 3.40× 10−10 8.791± 0.042 2.462± 0.034 15.76± 0.35 138.1± 2.4
H 1.63 180 1.26× 10−10 8.651± 0.042 2.258± 0.035 12.94± 0.38 133.0± 2.6
K 2.21 138 3.90× 10−11 8.563± 0.042 2.366± 0.036 12.49± 0.40 117.8± 2.7
g 0.49 83 4.49 × 10−9 9.482± 0.044 5.442± 0.038 38.37± 0.51 239.5± 3.5
r 0.63 120 2.71 × 10−9 9.127± 0.043 3.730± 0.035 25.77± 0.45 183.7± 3.1
i 0.78 116 1.79 × 10−9 9.252± 0.043 3.122± 0.034 23.30± 0.38 181.7± 2.6
z 0.93 98 1.26 × 10−9 9.312± 0.042 2.670± 0.035 16.46± 0.42 136.0± 3.1
Swift uvw2 0.19 105 5.23 × 10−9 12.673± 0.056 14.814± 0.130 300.73± 3.03 2478.3 ± 45.6
Swift uvm2 0.22 101 4.01 × 10−9 13.212± 0.059 15.592± 0.175 376.97± 3.62 3163.2 ± 64.2
Swift uvw1 0.26 105 4.26 × 10−9 11.704± 0.053 13.742± 0.101 233.78± 2.70 1865.0 ± 37.6
Swift u 0.35 108 3.25 × 10−9 10.385± 0.051 13.301± 0.082 120.23± 2.53 733.2± 35.7
Swift b 0.44 99 5.82 × 10−9 9.777± 0.048 7.058± 0.076 47.73± 2.33 245.7± 29.7
Swift v 0.55 102 3.74 × 10−9 9.226± 0.046 4.406± 0.071 26.42± 2.01 154.0± 26.8
Z 0.90 17 · · · 8.834± 0.043 2.826± 0.037 17.41± 0.72 134.7± 5.0
Y 1.20 12 · · · 8.967± 0.043 2.673± 0.045 15.14± 1.17 135.6± 11.1
ROTSE 0.60 214 · · · 8.866± 0.044 3.920± 0.057 23.26± 1.00 16.6± 11.4
Note. — For each filter, we give the effective wavelength λ, the number of photometric observations N , the flux zero point F0,i, and the
global fit parameters M i and βn,i. Effective wavelengths and flux zero points are taken from the Asiago Database of Photometric Systems
(Moro & Munari 2000) and Poole et al. (2008).
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Figure 4. The temperature factors Θi as a function of τ . The coefficients are very well ordered in the sense that bluer bands have steeper temperature
dependences. The Swift bands have data only for −0.06 ≤ τ ≤ 0.095 and we thus restrict their plotting range to prevent extrapolation.
pernova spectral energy distributions (Sec. 3.4), bolometric
light curves (Sec. 3.5), bolometric corrections (Sec. 3.7), and
compare to theoretical supernova spectrophotometric models
through the dilution factors (Sec. 3.8).
Now we investigate whether the components of the model
have the intended meaning. In Figure 5, we show the time
evolution of the components of Equation (1), specifically the
expansion velocity v(t), temperature parameter τ , and the
achromatic and chromatic parts of the light curves, −2.5Π
and −2.5Θi. As expected, v and τ decrease with time in a
similar manner in all supernovae. The achromatic compo-
nent of the light curve −2.5Π proportional to the radius in-
creases in time because ω1 > −1 until tP, when the super-
nova becomes transparent. After time tP, −2.5Π drops, and
the subsequent evolution is dominated by the radioactive de-
cay. The chromatic component of the light curve, −2.5ΘV ,
which we evaluate in the V band for the purposes of Figure 5,
decreases similarly to τ , but with additional “wiggles” to ac-
count for color changes during the plateau. The evolution
of τ and −2.5Π is qualitatively similar to the evolution of
the color temperature and apparent angular radius presented
by Hamuy et al. (2001, Fig. 6). One would not expect a de-
tailed quantitative match, especially in case of τ , because it
is not identical to either the color or effective temperature.
This indicates that the individual components of our model
indeed have the intended meaning presented in Section 2 and
that they closely match the results obtained in the traditional
expanding photosphere method. We discuss the relation be-
tween τ and effective temperature in Section 3.7.
With the physics of the model verified, we now ask whether
the parameters describing the data are robustly obtained by
the fitting process. In Figure 6, we show the correlation ma-
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Figure 5. Decomposition of the supernova light curves into the photospheric radius and temperature changes. From left to right, the panels show the expansion
velocities, temperature parameter τ , photospheric radius function −2.5Π, and the V -band temperature function −2.5ΘV . Combining the radius and temperature
functions with appropriate zero-points gives the absolute V -band light curves in the right-most panel. The chosen supernovae illustrate the morphological
variations allowed by our model: the flat double-peaked plateau of SN2005cs (solid red),the faster plateau decline of SN2004et (dotted green) and SN2009bw
(dashed blue), and the nearly linear light curve of Type II-Linear SN1980K (dash-dotted orange).
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Figure 6. Median correlation matrix of the individual supernova parameters.
Correlation coefficients are color-coded from 1 (blue) through 0 (white) to
−1 (red), and are also explicitly given by numbers.
trix of the supernova-specific parameters obtained by calcu-
lating the median of each element over all supernovae in our
sample. Using the median should mitigate the effect of su-
pernovae lacking some of the observations, which leads to
excessively high correlation between some parameters unre-
lated to the underlying model. For example, it is impossible to
constrain all of ω0, ω1, and ω2 for a supernova with less than
three velocity measurements. From Figure 6 we see that the
time of explosion t0 and the plateau duration tP are anticorre-
lated mutually and correlated with α1. This can be understood
by realizing that supernovae generally lack coverage early on
and thus uncertainty in t0 implies uncertainty in the duration
of the plateau and the temperature at the moment of explosion
α1. The transition width tw is little correlated with other pa-
rameters, as was found also by Anderson et al. (2014a). The
velocity parameters ω0, ω1, and ω2 are mutually relatively
highly correlated. The distance modulus µ is highly corre-
lated with the explosion time t0 and ω1. This is similar to the
usual expanding photosphere method, where the distance and
explosion time are obtained from fitting the apparent angular
radius versus expansion velocity: uncertainty in the distance
directly translates to uncertainty in the explosion time. These
correlations imply that to precisely determine the distance of
a Type II-P supernova, we require photometric observations
constraining the explosion time and velocity measurements
spanning long-enough interval so that the exponentω1 is well-
constrained. The highest correlation of E(B − V ) with other
parameters is 0.07, which indicates that we robustly deter-
mine the reddening with little influence from other supernova-
specific parameters.
Our method works so well for determination of E(B − V )
not only because we have multi-band photometry for many of
our objects. If a supernova has enough velocity measurements
or the distance is well-known, the radius Π is constrained
and changing τ results not only in changes of the color, but
also in changes of the supernova magnitude. In other works,
making the supernova redder to mimick the reddening would
also make it fainter, with constant radius. Keeping the global
parameters fixed, we fitted the individual supernova param-
eters of SN2004et and SN2009N based on a dataset that in-
cludes only velocity and B and V measurements. We found
that in this case E(B − V ) was ∼ 20% smaller than what
we obtain in Table 2. This opens a path to reliable deter-
mination of supernova reddenings. Note that our determina-
tion of E(B − V ) is potentially biased, because the model
will try to absorb differences between supernovae not param-
eterized in the model (such as the metallicity) into changes
of E(B − V ) and other parameters, as we have shown for
Cepheids in Pejcha & Kochanek (2012).
In Figure 7, we compare our estimates of E(B − V ) to
results of Rodrı´guez et al. (2014), which are based on color
standardization of Type II supernovae using their C3(BV I)
method. The overlap of our sample and the sample of
Rodrı´guez et al. (2014) is 13 objects and we see relatively
good agreement, especially at high E(B − V ). At lower
reddenings, the discrepancies are greater. We also show 1σ
regions of perfect correlation between the C3(BV I) results
and spectrum-fitting estimates determined by Rodrı´guez et al.
(2014) for all of their supernovae and with outliers removed.
All of the supernovae fall within these regions, except one su-
pernova, where Rodrı´guez et al. (2014) obtained significantly
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Figure 7. Comparison of our estimates of E(B − V ) with the results of
Rodrı´guez et al. (2014), where we sum their Milky Way reddenings with the
results of their C3(BV I) method for host galaxy extinction assuming RV =
3.1 reddening law. The solid line marks a perfect correlation between the
results. We show 1σ confidence regions of perfect correlation between the
C3(BV I) method and spectrum-fitting estimates of Rodrı´guez et al. (2014)
for their full sample (dotted lines) and with outliers removed (dashed lines).
negative E(B − V ). This suggests that our reddening esti-
mates are definitely not worse than previous or contemporary
results. We emphasize that our results make use of all avail-
able colors, while Rodrı´guez et al. (2014) use only BV I pass
bands.
3.2. Morphology of light curves and the differences between
plateau and linear supernovae
Recently, attention has been devoted to understand the mor-
phology of Type II supernova light curves with properties
ranging from flat plateaus to steep declines (Anderson et al.
2014a; Faran et al. 2014; Sanders et al. 2014). In particular,
Arcavi et al. (2012) suggested the possibility that there are no
supernovae with properties in between Type II-P and Type II-
Linear supernovae. Conversely, Anderson et al. (2014a) and
Sanders et al. (2014) found a continuum of light curves of
Type II supernovae. Since our model can disentangle the ob-
served data into radius and temperature variations, we decided
to investigate these issues within our model.
In Figure 5 we show three Type II-P supernovae with the
different shapes of the plateau: the relatively steeply declin-
ing SN2009bw, the flat plateau of SN2005cs with a notice-
able bump just before the transition, and the intermediate case
of SN2004et. We see that the overall behavior of velocity
and chromatic part of the light curve −2.5ΘV are very sim-
ilar for these supernovae. In fact, this is true for all super-
novae with enough data, as we show in Figure 8. The small
differences in the velocity evolution, however, translate into
different steepness for the achromatic part of the light curve
−2.5Π. In SN2004et and SN2009bw, there is initially a fast
rise in the radius, which then gradually slows down. As a re-
sult, the decrease of brightness due to−2.5ΘV dominates and
we observe a declining plateau. In SN2005cs, the radius is in-
creasing fast4 even before the transition, which almost exactly
compensates for the decrease of brightness due to the decreas-
ing temperature. As a result, we observe a flat plateau with a
4 Note that the expansion velocity and hence radius of SN2005cs is con-
sistently smaller than those of SN2004et and SN2009bw.
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Figure 8. Temperature parameter τ (left panel) and the chromatic part of
the light curve in V band −2.5ΘV (right panel) as a function of time after
explosion. We show only well-observed supernovae with distance modulus
uncertainties smaller than 0.2mag and the curves start at the time of the first
observation of each supernova.
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Figure 9. Light curve and expansion velocity fits for Type II-Linear
SN1980K.
bump. Since the temperature evolution is so similar, the mor-
phological differences in the Type II-P supernova light curves
are thus due to different photospheric velocity evolution.
A further understanding of the light curve morphology can
be obtained by applying our model to Type II-Linear super-
novae. The only Type II-Linear supernova we found in the
literature with enough data for a successful fit is SN1980K
(Barbon et al. 1982; Buta 1982). SN1980K is convenient for
our purposes, because it exploded in NGC6946 with a dis-
tance very well constrained by SN2004et (Fig. 11 and Table 5)
and we do not have to worry about uncertainties in the over-
all radius scaling. In Figure 9 we show the light curve and
expansion velocity fits, and Figure 5 shows the decomposed
changes in radius and temperature. We obtained a reasonable
fit to the data. The estimated optically-thick phase duration of
tP ≈ 61 d is noticeably shorter than for normal plateau super-
novae. However, the transition width is fairly long, tw ≈ 13 d,
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Figure 10. Slope of the light curve (Eq. [13]) during plateau at τ = 0 in the
B (top), V (middle), and I (bottom) bands as a function of absolute magni-
tude. The V and I bands show the correlation reported by Anderson et al.
(2014a), but the B band does not. Uncertainties in the parameters come from
the modified fit with H/NDOF = 1.
and as a result the temperature parameter reaches values typi-
cal for exponential decay (τ = τthick ≡ −0.4) about 100 days
after the explosion, which is more similar to ordinary Type II-
P supernovae. Still, after t0+50 d, the temperature falls faster
than in normal plateau supernovae. This is consistent with the
finding of Anderson et al. (2014a) that faster declining super-
nova have shorter duration of the optically-thick phase. The
radius of SN1980K stays almost constant during the optically-
thick phase, but this is mostly because of the large tw, which
makes the supernova nearly transparent for most of the ob-
served time. As a result, the steeply declining light curve is
mainly due to temperature changes of the photosphere. The
successful fit and the resulting parameters indicate that Type
II-Linear supernovae can be modelled along with normal Type
II-P explosions and that Type II-Linear brightness variations
are driven primarily by changes in the photospheric tempera-
ture.
To put the discussion of the light curve morphology on
more quantitative grounds, we address the recent finding of
Anderson et al. (2014a) that the V -band maximum magnitude
and the plateau rate of magnitude decline are correlated. The
maximum magnitude in our model is not easy to obtain an-
alytically, but we instead consider the absolute magnitude at
τ = 0, Mi(τ = 0) = M i − 2.5Π. The epoch corresponding
to τ = 0 is tτ=0 − t0 = −α1/α0 (Eq. [4]) and the BV color
temperature at this point is ∼ 6400K using the relations be-
tween color index and temperature of Hamuy et al. (2001) as
implemented below in Section 3.8. The effective temperature
at τ = 0 is ∼ 5600K as discussed in Section 3.7. The light
curve slope at τ = 0 is
dMi
dt
∣∣∣∣
τ=0
≈ −
5
ln 10
(
1
v
dv
dt
−
α0
α1
)
− 2.5β1,iα0, (13)
where the approximation comes from the assumption of w =
0.
We show the absolute magnitude as a function of light
curve slope in Figure 10 for B, V , and I bands. The uncer-
tainties in both quantities were obtained by applying Equa-
tion (10) to Equation (13) with the full covariance matrix
of the fit. We see that we reproduce the V band correla-
tion of Anderson et al. (2014a) and that this correlation ex-
ists also for the I band, but not for the B band. In gen-
eral, we find that the correlation does not exist for bands
with λ . 0.5µm, in other words, the correlation exists only
when the first term in Equation (13) dominates, which oc-
curs when β1,i is small. Why does this correlation exist?
Early after explosion, ω2 in Equation (3) can be neglected,
which gives Mi(τ0) ∼ −5 logω0 − 5(ω1 + 1) log(−α1/α0),
v−1dv/dt ∼ (ω1+1)/t, and dMi/dt ∼ (α0/α1)(ω1+1). In
other words, both quantities are roughly proportional to ω1+1
leading to a correlation that is not perfect because of the other
terms in both expressions.
Clearly, the parameter ω1, measuring the curvature of the
velocity decrease, plays an important role in determining the
morphology of Type II-P supernovae. To gain insight about
the physical property of the exploding medium controllingω1,
we consider an homologously expanding adiabatic medium
with density profile ρ ∝ (r/Rout)−kR−3out, where the outer
boundary Rout ∝ t is expanding linearly in time. We assume
that the medium is dominated by radiation and that the tem-
perature is constant as a function of radius giving T ∝ t−1
(Arnett 1980). Assuming a general opacity law κ ∝ ρnT−s,
the photospheric radius R in such medium is determined by
τ =
∫ Rout
R
κρdr =
2
3
. (14)
Using our expressions for density, opacity, and temperature,
and assuming that Rout ≫ R, we obtain the rate of photo-
spheric expansion
d lnR
d ln t
=
(k − 3)(n+ 1) + s
k(n+ 1)− 1
. (15)
Equations (2–3) give the rate of photospheric expansion from
observed quantities as
d lnR
d ln t
= 1+
ω0ω1t
1+ω1
ω0t1+ω1 + ω2t
, (16)
which reduces to d lnR/d ln t = 1 + ω1 if ω2 is negligible.
The opacity law can be either Thompson opacity (n = s = 0),
Kramers opacity (n = 1, s = 3.5) or H− opacity (n = 0.5,
s = −7.7), where the latter is perhaps most appropriate at
τ = 0 with effective temperature of about 5600K. The den-
sity exponent implied by Equations (15–16) for H− opacity
is k ≈ 15.3, 13.1, and 10.4 for SN2005cs, SN2004et, and
SN2009bw, respectively, at t + t0 = 30 days. This is in rela-
tively good agreement with the density exponents in the the-
oretical models of Dessart & Hillier (2008, 2011). As can be
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Table 5
Galaxy Distances
Galaxy µ [mag] σµ σ′µa
M51 (NGC5194) 29.460 0.112 0.282
M61 (NGC4303) 31.363 0.646 0.663
M95 (NGC3351) ≡ 30.000
MCG-01-04-039 35.679 0.140 0.433
MCG-01-32-035 34.905 0.220 0.449
NGC0918 33.275 0.279 0.621
NGC1637 30.088 0.057 0.196
NGC2139 32.105 0.195 0.478
NGC2403 27.895 0.136 0.373
NGC3184 29.929 0.057 0.195
NGC3239 30.018 0.044 0.148
NGC3389 32.005 0.143 0.448
NGC3953 31.085 0.084 0.229
NGC4027 31.458 0.117 0.389
NGC4088 30.184 0.300 0.595
NGC4487 31.517 0.058 0.204
NGC4651 30.436 0.239 0.586
NGC5377 33.119 0.143 0.418
NGC5777 31.895 0.186 0.461
NGC6207 31.460 0.096 0.335
NGC6946 28.265 0.068 0.210
NGC7793 28.385 0.504 0.699
UGC02890 30.777 0.048 0.165
UGC12846 32.072 0.096 0.307
Note. — See text for comments on individual
galaxies.
a Uncertainty σ′µ obtained from a fit with
the uncertainties of the data rescaled to give
H/NDOF = 1.
seen in Figure 5, steeper density profiles correspond to flatter
plateaus.
Since the temperature evolution and thus the chromatic part
of the light curve are very similar for all supernovae (Fig. 8),
this implies that for a fixed opacity law, the shape of the super-
nova plateau is controlled by the homologous density profile
of the ejecta, with steeper density profiles resulting in flat-
ter light curves. The supernova ejecta have also temperature
structure that evolves in time so that further insight into this
issue requires much more realistic models than the simplis-
tic estimate presented here. The relation of the light curve
morphology to the mass of hydrogen has also been proposed
by Anderson et al. (2014a,b). Nickel mixing in the ejecta
can have also effect on the morphology of the optically-thick
phase (Bersten et al. 2011; Kasen & Woosley 2009).
3.3. Distances
In Table 5, we present the distance estimates to individ-
ual galaxies in our sample. We compare our results to the
entries in the NASA Extragalactic Database (NED), focus-
ing on the distance measurements from Type II supernovae,
Cepheids, and Type Ia supernovae in Figure 11. Overall, we
see relatively good agreement in the sense that our results fall
within the range of previous distance determinations. The
overall distance scale can be moved by changing the distance
to NGC3351 (host of SN2012aw), which we assume to be
µ ≡ 30.00mag. We point out that in principle, our method al-
lows determinations of distances to supernovae with no veloc-
ity measurement by applying priors on ω0, ω1, and ω2. How-
ever, in this case the uncertainties are rather large (& 0.5mag)
and there is a great potential for systematic offsets.
We now specifically discuss several galaxies where there
is substantial disagreement with previous results. The pho-
tometric and spectroscopic observations of SN2006my in
NGC3239 start shortly before the transition to optically-thin
phase. As a result, t0 is not well constrained and thus µ is po-
tentially substantially biased as we discussed in Figure 6. This
particular aspect can be improved by applying constraints on
the age of the supernova from the appearance of the spectrum
while treating appropriately the uncertainty associated with
this prior information. Including such constraints is beyond
the scope of this paper.
Our distance for NGC3389 (host of SN2009md) is notice-
ably smaller than the one measured from the Type Ia su-
pernova SN1967C (Parodi et al. 2000), but agrees reasonably
well with previous estimates from SN2009md (Fraser et al.
2011; Bose & Kumar 2014). SN2009md has good spec-
troscopic and multi-band photometric coverage so the dis-
agreement comes perhaps from the inaccurate photographic
photometry of SN1967C. Our distance for NGC918 (host
of SN2009js) is significantly larger than that based on the
recent Type Ia supernova SN2011ek in the same galaxy
(Maguire et al. 2012). SN2009js is relatively well-observed
in BV RI , but has only one velocity measurement so that
the distance estimate is more susceptible to systematic er-
rors. The agreement is almost within the uncertainty, if the
rescaled fit with H/NDOF = 1 is used. There are no pre-
vious distance estimates to SN2009js in NED. Our distance
to NGC7793 is based on SN2008bk, for which we do not
have any velocity measurements and only V -band photom-
etry during the plateau and thus the relatively good agreement
with NED distances is rather surprising. Our distance esti-
mate almost agrees with Cepheid distance of Pietrzyn´ski et al.
(2010). The distance to NGC5377 is based on SN1992H,
which has relatively good velocity measurements, but rather
sparse BV R photometry. The distance to MCG-01-04-039
is based on SN1992am with BV I photometry starting about
25 days after t0. Our lack of K-corrections probably plays
some role, but most of the disagreement can probably be
attributed to the poor early coverage. Using the fit with
H/NDOF = 1 yields higher distance uncertainty and thus
better agreement with previous measurements. Photometry of
SN2001dc in NGC5777 does not cover the first∼ 35 days and
the first velocity measurement is ∼ 50 days after t0, which
explains the disagreement. SN2009dd in NGC4088 has well-
determined t0, but not enough velocity measurements with
sufficient precision. The prior supernova distance determi-
nation of NGC4088 was with a different Type II SN1991G
(Poznanski et al. 2009).
To summarize, Type II-P supernovae can yield solid dis-
tances provided there is multi-band photometry, good expan-
sion velocity coverage and that the explosion time can be well
constrained from the observations.
3.4. Spectral energy distribution
Within our model, the monochromatic luminosity Li at the
central wavelength λi of band i at a distance of 10 pc (µ = 0)
is
Li = 10
ΠFi, (17)
where Fi is a monochromatic flux at a specific radius Π = 0
defined as
Fi = F0,i10
−0.4(Mi−2.5Θi), (18)
where the flux zero points F0,i are taken from the Asiago
Database of Photometric Systems (Moro & Munari 2000) and
from Poole et al. (2008) for the Swift bands and are given in
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Figure 11. Comparison of the distance estimates of galaxies in our sample (solid black circles with 1σ uncertainties of the original fit and the modified fit with
H/NDOF = 1) to the data in NED: median values of either Type II supernovae only or all distance estimates are shown with solid red triangle or blue square,
respectively, while the full range of measurements is shown with vertical colored lines. For a few galaxies, we highlight individual distance measurements with
Cepheids (open orange circles) or with supernovae Ia (solid green stars). Distances of Type II supernovae are from Baron et al. (1996, 2007); Bartel (1988);
Bose & Kumar (2014); Dessart & Hillier (2006); Dessart et al. (2008); Elmhamdi et al. (2003); Fraser et al. (2011); Hamuy et al. (2001); Hendry et al. (2006);
Inserra et al. (2012b); Iwamoto et al. (1994); Jones et al. (2009); Leonard et al. (2002a,b, 2003); Olivares E. et al. (2010); Poznanski et al. (2009); Richmond et al.
(1996); Roy et al. (2011); Sahu et al. (2006); Schmidt et al. (1992, 1994a,b); Sparks (1994); Taka´ts et al. (2014); Taka´ts & Vinko´ (2006, 2012); Tomasella et al.
(2013); Vinko´ et al. (2006, 2012); Weiler et al. (1998), of Cepheids are from Freedman & Madore (1988); Freedman et al. (2001); Humphreys et al. (1986);
Leonard et al. (2003); Madore & Freedman (1991); McAlary & Madore (1984); Metcalfe & Shanks (1991); Pietrzyn´ski et al. (2010); Saha et al. (2006), and of
Type Ia supernovae from: Maguire et al. (2012); Parodi et al. (2000).
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Figure 12. Absolute reddening-corrected SEDs of SN2004et (left) and SN2012aw (right) constructed from our model. We show the SEDs at five epochs: 7
(solid line), 10 (dotted), 30 (dashed), 90 (dash-dotted), and 200 days (dash-dot-dot) after the explosion. The SEDs are constructed from the UBV RIJHK
(black circles), griz (red triangles) and Swift bands (blue stars). The dashed line indicates the black body Rayleigh-Jeans with λFλ ∝ λ−3. The grey line shows
theoretical SED of an F0 supergiant with Teff = 7000K and log g = 0.5 (Castelli & Kurucz 2004) normalized to the V -band flux at t0 + 30 days.
Table 5. The usual process of dereddening and correcting for
the supernova distance is achieved in our model simply by not
including terms µ and RiE(B − V ) in Equation (1).
In Figure 12, we show absolute spectral energy distribu-
tions (SEDs) of SN2004et and SN2012aw at several epochs
calculated using Equations (17–18). We see that the SEDs
get progressively redder as the supernova evolution proceeds.
Early in the supernova evolution, the flux is dominated by the
near-UV emission. In the first two epochs, the fluxes in the
three bluest Swift bands are relatively flat and do not show
any sign of turning down at shorter wavelengths indicating
that the peak of the emission is located at even bluer wave-
lengths (Teff ∼ 6 × 104 K). It is uncertain how to extrapolate
the flux to shorter wavelengths. At about t0 + 30 days, the
SEDs of both supernovae have Teff ∼ 5800K and are sim-
ilar to an F0 supergiant. The near-UV emission is already
unimportant at this point. At later epochs, the SED achieves
a constant shape (τthick ≡ −0.4) very different from a nor-
mal star and only the overall normalization changes in time
(Teff ∼ 2500K). At all epochs, the SEDs at λ & 1µm are
very similar to the Rayleigh-Jeans tail of the black body, as
indicated by the λFλ ∝ λ−3 dashed line in Figure 12. The re-
lation between τ and effective temperature will be discussed
in Section 16.
3.5. Bolometric light curves
The bolometric luminosity Lbol is
Lbol = 10
ΠFbol, (19)
where Fbol is the bolometric flux at radius Π = 0
Fbol =
∫
Fidλ. (20)
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Figure 13. Bolometric light curves of SN2009dd (red), SN2005cs (blue),
and SN1992am (green/orange) with the accompanying uncertainties calcu-
lated with the full covariance matrix of our fit.
We perform the integral in Equation (20) using the trape-
zoidal rule assuming monochromatic fluxes Fi at central
wavelengths λi given in Table 4. We correct Fbol for longer
wavelength infrared flux by extrapolating the K-band flux to
λ → ∞ assuming the Rayleigh–Jeans tail of the black body,
which corresponds to addingFKλK/3 to Equation (20). This
correction is several per cent during the exponential decay and
less than 1% just after the explosion. The UV correction is
potentially much more important, especially early after the
explosion, as can be seen from Figure 12. However, the SED
probably peaks at even shorter wavelengths than the bluest of
the Swift bands and we do not have any constraining data. As
a result, we do not perform any UV correction to Fbol and
simply truncate the integral for λ < 0.19µm. We use Equa-
tion (10) to calculate the uncertainties in Lbol, fully account-
ing for all covariances in the model.
In Figure 13 we show the evolution of Lbol for three su-
pernovae to illustrate the procedure. We show the bolometric
curves starting from the first observation to avoid any extrap-
olation in our model. At most epochs, the uncertainty is dom-
inated by the uncertainty in the supernova distance. Our pre-
scription, however, can exhibit more complicated behavior, as
shown during the transition of SN1992am, which is poorly
covered by observations.
In Figure 14, we show the bolometric light curves of
all our supernovae with σµ ≤ 0.2mag. For the sake
of clarity, we do not display the associated uncertainties.
We see that we are able to reproduce the previous results
on the supernova luminosities. Specifically, we identify
SN2001dc, SN2005cs, and SN2009md as low-luminosity
supernovae (Pastorello et al. 2004, 2006, 2009; Fraser et al.
2011), and SN1992am and SN1996W as relatively lumi-
nous objects (Schmidt et al. 1994a; Inserra et al. 2013). Our
model also indicates that SN1992H is luminous, contrary to
Clocchiatti et al. (1996) who found rather normal luminosity.
The difference comes from the fact that we obtain a signif-
icantly earlier explosion time and thus a larger distance re-
sulting in higher supernova luminosity. We also mention the
peculiar case of SN2006bp, which has a normal luminosity
during the plateau and a reasonable distance estimate, but ap-
pears to have very faint exponential decay phase. The reason
is that the exponential decay is covered only by the ROTSE
data, which are available only for this supernova. As a re-
sult, the coefficients βn,i at low τ are not directly connected
to the rest of the data and have the peculiar values discussed
Table 6
Plateau luminosities and nickel masses
Supernova log [Lbol(t0 + 50d)/L⊙] log(MNi/M⊙)
SN2005cs 7.952 ± 0.045 −2.328± 0.045
SN2012A 8.142 ± 0.018 −2.012± 0.018
SN2004et 8.468 ± 0.027 −1.445± 0.027
SN2004A 8.348 ± 0.038 −1.336± 0.039
SN1999em 8.457 ± 0.023 −1.302± 0.023
SN2012aw 8.638 ± 0.003 −1.157± 0.003
SN2009bw 8.425 ± 0.020 −1.816± 0.021
SN2008in 8.376 ± 0.258 −1.503± 0.258
SN2007od 9.023 ± 0.039 −2.006± 0.042
SN2009js 8.768 ± 0.107 −1.197± 0.117
SN2004dj 8.192 ± 0.053 −1.816± 0.054
SN2002hh 8.356 ± 0.029 −1.085± 0.027
SN2008bk 8.111 ± 0.197 −1.796± 0.200
SN1992H 9.074 ± 0.056 −0.553± 0.056
SN2009N 8.269 ± 0.023 −1.531± 0.023
SN2001dc 7.551 ± 0.068 −2.341± 0.078
SN2006bp a 8.595 ± 0.033 −2.822± 0.069
SN2009dd 8.172 ± 0.121 −1.750± 0.120
SN1995ad 9.077 ± 0.084 −1.030± 0.078
SN1996W 8.693 ± 0.049 −0.938± 0.053
SN1980K 7.967 ± 0.027 −2.218± 0.029
a The absolute value of the nickel mass of SN2006bp is uncertain
due to inadequately constrained temperature coefficients of the
ROTSE bands.
in Section 3.1. The situation could be easily rectified if the
exponential decay in SN2006bp was observed in at least one
photometric band with good coverage for other supernovae.
3.6. Nickel masses
We can also use the bolometric light curves to calculate the
ejected nickel mass MNi. We evaluate the luminosity at 200
days after t0 so that
MNi = 4.494× 10
−43Lbol(t0 + 200 days)M⊙, (21)
where the numerical coefficient is from Hamuy (2003). We
show our MNi as a function of Lbol(t0 + 50 d) in the left
panel of Figure 15 and we give the numerical values in Ta-
ble 6. We show only supernovae with observations before
50 days and after 200 days after t0 to prevent extrapolation
of the model. Uncertainties in both quantities are calculated
using the full covariance matrix according to Equation (10)
and we show the modified fit that gives H/NDOF = 1. One
potential caveat with Equation (21) is that many supernovae
show faster exponential decay than what would be predicted
by assuming full thermalization of the radioactive emission
(our Figs. 1, 3, and Table 3 and also Anderson et al. 2014a).
More realistic estimates are of MNi are beyond the scope of
this paper.
We recover the well-known correlation between plateau
luminosity and nickel mass (e.g. Hamuy 2003; Spiro et al.
2014). The one exception is SN2007od, where the observa-
tions show a faint exponential decay phase. This has been
explained by extinction due to dust formed in the supernova
(Andrews et al. 2010; Inserra et al. 2011) and we thus miss
the infrared flux by assuming that the exponential decay col-
ors of this supernova are the same as all other supernovae in
our sample. It is interesting to note that the slope of the corre-
lation in Figure 15 is almost exactly unity. The correlation is
visible in supernovae with well-known distances and redden-
ings so it cannot just be a result of observational uncertainties
in determining the luminosity. However, it would be more
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Figure 14. Bolometric luminosity as a function of time for supernovae with σµ < 0.2mag. The bolometric luminosity was calculated from the UBV RIJHK
bands combined with Swift bands uvw2, uvm2, uvw1, and u. For each supernova, we show Lbol between the first and last observation. Dotted segments of
Lbol mark the temperatures not constrained by Swift data (τ < 0.095). The bolometric light curves with uncertainties of individual supernovae are available in
the on-line version of Figure 1.
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Figure 15. Left: Nickel mass as a function of plateau Lbol evaluated 50 days after t0. Only supernovae with observations spanning before 50 d and after 200 d
after t0 are included. Right: Comparison of our MNi with available results from the literature. We use MNi determined by Dall’Ora et al. (2014), Gandhi et al.
(2013), Hamuy (2003), Hendry et al. (2006), Inserra et al. (2012a, 2013), Pozzo et al. (2006), Sahu et al. (2006), Spiro et al. (2014), Tomasella et al. (2013), and
Vinko´ et al. (2006). Uncertainties on our results were rescaled to give H/NDOF = 1. We do not show SN2006bp in either panel due to problems with the
ROTSE temperature coefficients discussed in the text.
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Table 7
Mean colors and bolometric
corrections during
exponential decay
Color BC
U − B 1.46 −1.49
B − V 1.27 −0.21
V −R 0.80 0.59
R− I 0.35 0.93
I − J 0.27 1.20
J −H −0.02 1.18
H −K 0.34 1.52
g − r 1.03 0.42
r − i 0.04 0.47
i− z 0.24 0.70
useful to study the ratio of the two quantities, which is insen-
sitive to distance and reddenings errors.
In the right panel of Figure 15, we show the comparison
of our MNi to previous results in the literature, where such
numbers were easily available. There is an overal good agree-
ment between our values and previous results except for sev-
eral outliers. The outliers where we predict higher MNi than
what was obtained before are usually supernovae with a gap
in coverage between the end of the plateau and late times of
few hudred days after t0. Note that these objects are not out-
liers with respect to the correlation with the plateau luminos-
ity shown in the left panel of Figure 15.
3.7. Bolometric corrections
A quantity of interest for observations of supernovae is the
bolometric correction BCj with respect to band j. In our for-
malism,
BCj = −2.5 logFbol −M j + 2.5Θj + Cbol, (22)
where Cbol is the bolometric flux zero point. We choose
Cbol = 2.5 log
[
Lbol,0
4pi(10 pc)2
]
≈ −11.48, (23)
where Lbol,0 = 3.055 × 1035 ergs s−1 based on the
recommendation of the International Astronomical Union
(Andersen 1999)5 . This definition of Cbol does not re-
quire integrating synthetic photometry or theoretical spectra.
Bersten & Hamuy (2009) used Cbol ≈ −11.64, which they
obtained by integrating the SED of Vega; the difference of
0.16mag is an estimate of systematic uncertainty in BCj com-
ing from slightly different procedures to obtain bolometric
magnitude.
In Figure 16, we show bolometric corrections calculated
from Equation (22) for the three color indices. We see that
for blue colors, corresponding to high τ at early epochs, the
bolometric corrections are quite significant. In Table 7, we
give the mean color indices and bolometric corrections dur-
ing the exponential decay phase corresponding to τ = −0.4.
As expected, we find that our BCV is very different from
normal stars (grey lines in Fig. 16) since the SED is strongly
modified by spectral lines and other physics. Our BCV is
nearly identical to the one of Bersten & Hamuy (2009) if we
take into account the difference in zero point Cbol. We also
5 The reference is not available in the ADS and
we thus use the value from Eric Mamajek’s webpage
https://sites.google.com/site/mamajeksstarnotes/bc-scale
(Mamajek 2012; Pecaut & Mamajek 2013).
obtain a very good agreement with the bolometric correc-
tions of Lyman et al. (2014). For BCI , we find reasonably
good agreement with Lyman et al. (2014), but the results of
Bersten & Hamuy (2009) start to deviate for V −I & 0.7mag.
For the Sloan bands, we show BCi as a function of g−i. Here,
the agreement with Lyman et al. (2014) is noticeably worse,
especially for g − i & 0.8mag and g − i . −0.3mag. The
reason might be that Lyman et al. (2014) obtained Sloan mag-
nitudes by extracting fluxes at effective wavelengths of Sloan
filters from SEDs constructed using Johnson bands. This
does not fully take into account the presence and evolution
of the spectral lines, which could affect color indices. For all
cases shown in Figure 16, Lyman et al. (2014) underpredict
the bolometric correction right after explosion, when signifi-
cant flux lies in near-UV. We capture some of this flux by in-
cluding the Swift bands, although not all as discussed in Sec-
tion 3.4 and Figure 12. On the other hand, Bersten & Hamuy
(2009) make the UV correction based on theoretical mod-
els of supernova SEDs. The primary difference of our re-
sults with respect to the previous works of Bersten & Hamuy
(2009) and Lyman et al. (2014) is that we include the Swift
near-UV bands and have a broader range of filters.
In order to facilitate supernova bolometric corrections for a
wide range of filters, we fit a polynomial in color mi −mj to
BCj
BCj =
4∑
k=0
ck(mi −mj)
k, (24)
where mj is always the redder band, λi < λj . We perform
the fit only over a range of colors, mi−mj , where our model
is valid. Specifically, we limit τ < 0.095 and we remove the
part of the curve, where BCj(mi−mj) is doubly-valued (e.g.
B − V > 1.27 for BCV (B − V ) as indicated by the thick
black line in Fig. 16). If one of the filters is from Swift, we ap-
ply additional limit of τ > −0.06 as discussed in Section 3.1.
The fit is performed on a uniform grid of mi − mj . The re-
sulting coefficients of the fits, as well as the range of validity
in mi −mj , are given in Table 8. We also give the standard
deviation of the residuals about the fit σ, although we empha-
size that this measures only how well the fit approximates the
theoretical curve and not the true uncertainty in determining
BCj from the observations.
Finally, we calculate the effective temperature Teff from
Fbol as
Teff =
(
R0
10 pc
)− 1
2
(
Fbol
σSB
)1/4
, (25)
where R0 = 8.64 × 109 cm is the radius zero point cor-
responding to Π = 0, and σSB is the Stefan–Boltzmann
constant. In Figure 17 we show the relation between Teff
and our temperature parameter τ . We see that the depen-
dence between these two quantities is basically linear for
−0.4 ≤ τ . 0.05, as intended in our model (Sec. 2). The de-
pendence steepens significantly for higher temperatures due
to the strong near-UV flux.
3.8. Dilution factors
Our model offers a unique way to empirically constrain
the theoretical models of supernova atmospheres, which are a
necessary component of the expanding photosphere method.
In practice, theory supplies the “dilution factors” ζ, which
bring the flux produced by a black body with a color tempera-
ture Tc derived from some combination of photometric bands
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Figure 16. Bolometric corrections to the V band as a function of B−V (left panel), to the I band as a function of V −I (middle), and to the i band as a function
of g− i (right). This solid lines show calculations from our model and the range of colors used in fitting is indicated with thick solid line. Several values of τ are
denoted by solid circles. The best-fit polynomials are shown with red dashed lines. The blue dotted lines show the bolometric corrections estimated for Type II-P
supernovae by Bersten & Hamuy (2009) with the original zero point (upper line) and our zero point (lower line). The green dash-dotted line shows the estimates
of Lyman et al. (2014), and the gray lines show bolometric corrections for normal stars with varying surface gravity and effective temperature (Bessell et al.
1998).
Table 8
Bolometric corrections
Color Range c0 c1 c2 c3 c4 σ
U − B (−1.27, 1.46) −0.3222 −0.3297 0.0383 0.2977 −0.4111 0.162
U − V (−1.54, 2.74) 0.0691 0.2461 −0.2797 0.1561 −0.0314 0.021
U −R (−1.53, 3.53) 0.1871 0.4333 −0.3031 0.1153 −0.0158 0.024
U − I (−1.63, 3.87) 0.1943 0.4891 −0.2744 0.0863 −0.0094 0.031
U − J (−1.73, 4.17) 0.2021 0.5331 −0.2434 0.0691 −0.0068 0.033
U −H (−1.67, 4.09) 0.2460 0.5701 −0.2461 0.0785 −0.0097 0.020
U −K (−1.57, 4.38) 0.2863 0.6475 −0.2749 0.0681 −0.0061 0.035
U − g (−1.42, 2.34) −0.0373 0.0369 −0.3068 0.2238 −0.0575 0.024
U − r (−1.64, 3.36) 0.1052 0.3484 −0.2701 0.1104 −0.0159 0.026
U − i (−1.93, 3.41) −0.0220 0.3069 −0.1836 0.0833 −0.0129 0.024
U − z (−2.20, 3.64) −0.0837 0.3260 −0.1608 0.0572 −0.0063 0.036
uvw2− U (−1.37, 2.19) 0.3854 0.1288 −0.1786 0.0098 −0.0046 0.002
uvm2 − U (−2.12, 2.56) 0.4056 0.0378 −0.0985 0.0023 −0.0014 0.002
uvw1− U (−1.11, 1.32) 0.4058 0.0703 −0.3613 0.0144 −0.0198 0.002
u− U (−0.64, 0.35) 0.1829 −1.6143 −3.4435 −2.8074 −4.3188 0.014
U − b (−1.23, 0.90) −0.2415 −0.3491 −0.2551 0.3189 −0.2645 0.005
U − v (−1.58, 1.75) 0.0601 0.2695 −0.2332 0.1355 −0.0414 0.005
B − V (−0.26, 1.27) −0.3716 2.9669 −6.2797 5.8950 −2.0233 0.023
B −R (−0.25, 2.06) −0.5660 3.1858 −3.8405 2.1115 −0.4220 0.028
B − I (−0.35, 2.40) −0.4779 2.5717 −2.5096 1.1576 −0.1914 0.030
Note. — Coefficients of a polynomial fit to the bolometric corrections, BCj =
∑4
k=0 ck(mi −
mj)
k
, where λj > λi. The fit is valid over a range of mi − mj given in the second column. We
also give the standard deviation about the fit σ, which only reflects how the fitting formula approximates
BCj and not the true uncertainty in determining BCj from the observations. The Table is published in
its entirety in the electron edition.
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Figure 17. Supernova effective temperature Teff as a function of of our tem-
perature parameter τ (solid line). Uncertainties in Teff are . 2% from Equa-
tion (10). For comparison, we plot with dotted line a fit assuming linear
dependence between τ and log Teff .
to the true flux of the supernova. As a result, empirically de-
termined values of ζ can be used as a check on the supernova
atmosphere models.
We use the absolute magnitudes of our model as an input
to the procedure of Hamuy et al. (2001), which determines ζ
and the color temperature for a given combination of filters.
In Figure 18, we show our results for the filter combinations
BV , BV I , V I , and JHK along with the theoretical results
of Eastman et al. (1996) and their fit by Hamuy et al. (2001),
and Dessart & Hillier (2005). For the sake of completeness,
we show the full range of temperatures covered by our model,
−0.4 ≤ τ . 0.1, which results in a break in ζ at low color
temperatures due to the transition to the optically-thin expo-
nential decay with its low color temperature (Fig. 12). The
low-temperature parts of the supernova light curves are not
used for the expanding photosphere method and ζ in these ar-
eas is thus not of interest. We also restrict the comparison to
the range of colors temperature actually covered by the mod-
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Figure 18. Dilution factors ζ derived from our model (black lines) as a function of color temperature. We also show models of Eastman et al. (1996, blue points)
along with their fit by Hamuy et al. (2001, blue dotted lines), and similar fits to the models of Dessart & Hillier (2005, red dashed lines).
els. We explicitly show the individual results of Eastman et al.
(1996) with blue points. The ranges of color temperatures
in Dessart & Hillier (2005) and Dessart & Hillier (2008) are
slightly greater.
For the BV filters, our results agree extremely well with
Dessart & Hillier (2005) for 4000 ≤ Tc ≤ 12000K and be-
gin to deviate slightly at higher temperatures. The models
of Eastman et al. (1996) are systematically lower by a rela-
tively large factor (an offset in ζ translates directly to an off-
set in the linear distance). For BV I , the range of Tc with
good agreement with Dessart & Hillier (2005) is smaller and
Eastman et al. (1996) models again exhibit an offset. For
V I , the agreement with Dessart & Hillier (2005) is reason-
ably good around Tc ≈ 9000K, but we obtain decreasing ζ
for both higher and lower temperatures. The Dessart & Hillier
(2005) models with Tc ≈ 6000K have ζ ≈ 0.8 and the time-
dependent effects studied by Dessart & Hillier (2008) lower ζ
to about 0.6, both of which are still higher than ζ ≈ 0.4 from
our model. However, such low Tc correspond to the optically-
thin exponential decay in our model. This disagreement is
probably due the spectral features in the I bands, becauseBV
shows perfect agreement with the models, while the differ-
ences start to show up in BV I , where the I band plays sub-
dominant role for Tc and ζ determination. Finally, for JHK
our results are systematically offset from Dessart & Hillier
(2005)6 and Eastman et al. (1996) at Tc ≈ 7000K, and the de-
pendence on Tc is also completely different. This is probably
due to the fact that JHK exhibit similar flux in SEDs with
very different blue and near-UV behaviors (Fig. 12). This
6 Note that Dessart & Hillier (2005) fitting coefficients for JHK filter
combination apparently correspond to a polynomial in T rather than 1/T ,
unlike all the other cases. This can be seen by comparing their Figure 1 and
Table 1.
suggests that the range of JHK color temperatures that can
be used for distance determination with the expanding pho-
tosphere method is very small. Still, near-IR measurements
can be useful in the standardized candle method, because the
observed magnitude is more proportional to the radius of the
supernova (Θi is small) and uncertainties in reddening play
smaller role (e.g. Maguire et al. 2010a).
We note that the calculation of ζ within our model did not
require any input other than data in Table 4 and the rela-
tion between magnitude and black-body color temperature of
Hamuy et al. (2001), which is used also in Dessart & Hillier
(2005). We would like to emphasize that the usual expanding
photosphere method is limited by the subsets of filters, which
have precalculated dilution factors. The model presented in
this paper can be used to derive relative distances with any
combination of filters from our Table 4 and new photometric
bands are easy to add.
4. DISCUSSIONS
4.1. Reddening law
In this paper, we have so far assumed the Cardelli et al.
(1989) reddening law with RV = 3.1. In principle, we can fit
for Ri within our model similar to what we did for Cepheids
in Pejcha & Kochanek (2012). However, we find that this pro-
cedure gives unreliable results, especially for bands with in-
complete coverage of the full range of τ such Swift bands and
Sloan iz. Instead, we vary only RV and assign Ri to other
bands based on the Cardelli et al. (1989) law. For all our data,
the best-fit value is RV = 3.67 ± 0.04 and the fit improves
by ∆H ∼ 1000. We repeated the fits without including any
Swift photometry and we find RV = 2.90 ± 0.03, which is
noticeably lower than what we obtained with Swift bands in-
cluded. In either case, the improvement in the individual fits
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over the standard RV = 3.1 is not dramatic indicating that the
mean reddening law to our sample is compatible with the stan-
dard one. With more data, our model holds a good promise
in determining the reddening law coefficients Ri toward su-
pernovae without spectroscopy or further assumptions. We
emphasize that we assume a single mean reddening law to-
wards all supernovae and that we do not differentiate between
contributions from the Galaxy and the supernova host galaxy
or the circumstellar medium.
4.2. Possible extensions
Our model can be extended in other ways. Most impor-
tantly, K-corrections can be added to properly treat super-
novae with non-negligible redshift. The model overpredicts
the strength of the bump at the end of the plateau for the
three bluest Swift bands. In this case, a higher-order expansion
of the temperature coefficients (Eq. [8]) would be beneficial,
but there is little data even for the best-observed supernova,
SN2012aw. A somewhat worse fit is obtained for parts of the
exponential decay phase, when we assume that the supernova
colors are constant. However, there can be noticeable color
evolution either immediately after the transition (SN2005cs)
or gradually during longer time spans (SN2004et). The model
predicts too bright U -band magnitude during the exponential
decay phase in SN1999em, but this might be attributed to a
single imprecise observations, because the agreement is much
better in other objects (SN2012aw) with more data. Clearly, a
better model of the nebular phase spectrum would be appro-
priate, although we note that it might be difficult to constrain
it with data since supernovae are usually already quite faint
this late in their evolution.
We experimented with extending our coverage of photo-
metric bands to Spitzer IRAC bands using photometry pub-
lished by Gandhi et al. (2013) and Kotak et al. (2005). Unfor-
tunately, the small number of measurements and their timing
did not allow us derive robust values of the global parameters.
Nonetheless, these bands occupy the Rayleigh-Jeans tail of
the SED, which typically provides only a small correction to
the overall bolometric light curve. Similarly, the small num-
ber of measurements did not allow us to include the Sloan u
band.
Another possible avenue to explore are the relations be-
tween expansion velocities derived from different spectral
lines. We tied our model to the Fe II line at 5169 A˚, but we
collected from papers also velocities measured on Hα, Hβ,
Hγ, Si, Sc, N, He, and other elements. Our model can be
modified to provide global transformations between veloci-
ties measured on these individual lines without requiring si-
multaneous observations of a single supernova and use of all
of these velocities for distance determinations. We plan to
address this issue in a future work.
5. CONCLUSIONS
We presented a model that disentangles the observed multi-
band light curves and expansion velocities of Type II-P super-
novae into radius and temperature changes (Eqs. [1–8]). We
applied the model to a dataset of ∼ 230 Fe II expansion ve-
locities and ∼ 6800 photometric measurements in 21 photo-
metric bands spanning wavelengths between 0.19 and 2.2µm
for 26 supernovae. We performed a detailed investigation to
ensure that the radius and temperature functions have the de-
sired meaning (Fig. 5) and that the global parameters of the
model exhibit the expected trends with wavelength (Tab. 4
and Fig. 4). Our findings can be summarized as follows
• Supernova light curves are well described by changes in
radius and temperature as evidenced by the fits (Fig. 1).
The light curve shape during the optically-thick plateau
phase is determined by the interplay of the increas-
ing photospheric radius and the decreasing temperature
(Fig. 5), in the sense that faster plateau declines cor-
respond to slower photospheric radius increases. This
can explain both flat plateaus with bump just before
the transition phase (SN2005cs) and the steep mag-
nitude decline observed in Type II-Linear supernovae
(SN1980K, Fig. 9). We show that the temperature evo-
lution is very similar in all supernovae (Fig. 8) and
that the rate of radius increase is related to the expo-
nent of the expansion velocity decay ω1 (Eq. [13]). We
argue that ω1 is related to the density structure of the
ejecta. The differences between supernovae thus reflect
the structure differences in their progenitors. This ex-
plains the correlation between plateau magnitude and
slope recently discussed by Anderson et al. (2014a).
• We determined parameters for 26 supernovae (Tabs. 2
and 3), including explosion times, plateau durations,
transition widths, and reddenings. We studied the mu-
tual dependence of individual supernova parameters
(Tabs. 2 and 3; Fig. 3) and the correlation matrix of
the fit (Fig. 6). We found that E(B − V ) is little corre-
lated with other parameters implying the robustness of
our reddening estimates. We determined distances to 23
host galaxies (Tab. 5) and found good agreement with
previous results from Type II-P supernovae and other
methods in most supernovae (Fig. 11). Our relative dis-
tance estimates do not require dilution factors.
• We constructed SEDs of supernovae covering the wave-
length range between 0.19 to 2.2µm (Fig. 12). Within
our model, a full SED range can still be constructed
even for a supernova observed only in a subset of
bands. The information on missing bands is recon-
structed based on the full global fit and tailored to each
individual supernova through the temperature coeffi-
cients α0 and α1 unique to each supernova. We in-
tegrate the SEDs to produce bolometric light curves
(Figs. 13 and 14) with uncertainties including the full
covariance matrix of the model. We calculate ejected
nickel masses (Tab. 6) and reproduce the known the
correlation with plateau luminosity (Fig. 15). We calcu-
late bolometric corrections for all our filters and provide
convenient fitting formula as a function of color indices
(Tab. 8). Apart from small offset in zero point, our bolo-
metric corrections agree relatively well with previous
results (Fig. 16). We also provide mean supernova col-
ors and bolometric corrections during the exponential
decay phase (Tab. 7).
• In order to compare our results to theoretical models
of supernovae spectra and fluxes, we construct empir-
ical dilution factors from our model. We find that the
agreement with Dessart & Hillier (2005) models is very
good for BV bands, but becomes worse when I band
is included either in BV I or V I subset (Fig. 18). The
agreement is worse at low or high temperatures, im-
plying that dilution factors should not be used outside
of their range of validity. Although the dilution factors
near maximum light agree for JHK bands, the theoret-
ical and empirical trends are quite different. The mod-
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els of Eastman et al. (1996) give systematically smaller
dilution factors.
• As a proof of principle, we attempted to obtain the red-
dening law from our model. We find that bands with
enough data do not differ dramatically from the stan-
dard Cardelli et al. (1989) reddening law with RV ∼
3.1, but bands with fewer data (Swift, Sloan iz and
potentially also JHK) produce systematically smaller
values of Ri. With more data, our model can provide
better constraints on the reddening law towards Type
II-P.
• We make the fitting code publicly available7 along with
the published light curves and velocities of SN2004et
and SN2009N (Maguire et al. 2010b; Pritchard et al.
2014; Taka´ts et al. 2014).
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APPENDIX
IMPLEMENTATION OF PRIORS
Here, we describe the implementation of Equation (9) in
cmpfit. The fitting code cmpfit does not provide an in-
terface to implement non-trivial priors on fitted parameters.
To obtain the fit, the user supplies a list of deviations of the
data yi from the model fi weighted by the measurement un-
certainty σi, δyi = (yi − fi)/σi, where i = 1 . . .Ndata and
Ndata is the number of datapoints. To apply prior constraints,
we append δyi with a vector δpj , where j = 1 . . .Nprior
and Nprior is the number of priors. In the language of Equa-
tion (9), S = |δp|2. A Gaussian prior on parameter ak with a
mean value of a¯k and width σak is obtained by setting
δpj =
ak − a¯k
σak
. (A1)
If parameter ak is unconstrained by the data applied on the
model fi, Equation (A1) guarantees that after the fit ak will
be equal to a¯k with uncertainty σak .
7 http://www.astro.princeton.edu/$\sim$pejcha/iip/
8 http://wiserep.weizmann.ac.il
Equation (A1) needs to be modified to allow for “non-
diagonal” priors, which prescribe correlations between indi-
vidual parameters. Assume that the prior probability distri-
bution of the parameter vector a is a Gaussian centered at a¯
with a covariance matrix C = PDP−1, where D is a diag-
onal matrix of eigenvalues of C and P is the matrix of the
corresponding eigenvectors. The deviations are thus
δp = (a− a¯)PD−1/2. (A2)
This form guarantees that if parameters a are not constrained
by the data, their values after the fit will be a¯ with the co-
variance matrix C. The diagonal elements of C are squares
of the parameter uncertainties and Equation (A2) reduces to
Equation (A1) for diagonalC with diagonal elements σ2ak .
We use the priors of the form of Equation (A1) to constrain
values of Ri to within 10% of the Cardelli et al. (1989), when
being fitted (Sec. 4.1). We use priors of the form of Equa-
tion (A2) to constrain parameters of individual supernovae,
because they can constrain possible correlations between in-
dividual parameters and provide a better fit. In a sense, C in
Equation (A2) is a mathematical representation of Figure 3.
We apply priors for a subset of individual supernova pa-
rameters a = {tP, tw, ω0, ω1, ω2, α0, α1, γ0, γ1}, where the
mean a¯ and the covariance matrix C is obtained from super-
novae with more than 5 velocity measurements. Naturally,
these priors will only be important for supernovae with data
insufficient in some aspects, for example, small number of ex-
pansion velocities or no velocity measurements at all. In other
cases, the priors will be completely overwhelmed by the data.
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